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ABSTRACT 
The stability of carbides during the commercial heat treatment of 
Nimonic 80A has been investigated. This involved a detailed study 
into the kinetics of dissolution and discontinuous precipitation. 
As a result, stricter controls of solution and ageing treatments 
have been proposed as a route to enhance the properties of existing 
nickel-based superalloys. 
Solution treatment above 10000 C was investigated by weighed 
extraction of carbide particles using electro-chemical dissolution 
of the matrix. Subsequent X-ray diffractometry revealed the 
proportions of the respective phases present in the alloy. This 
permitted a direct determination of phase stabilities in the form 
of solubility constants. Also, lightly etched cross sections of the 
bulk samples were examined in S.E.M. to compare particle and grain 
boundary distributions. 
Conventional dissolution theory was found inadequate for systems 
involving rapid diffusing interstitial atoms such as carbon. A 
computer simulation of dissolution of a spherical MACB carbide 
particle was therefore devised. This predicted rapid "dissolution 
rates which were observed in practice. The M23C6~M7C3 
transformation was attributed to a dissolution and reprecipitation 
mechanism. 
Discontinuous and continuous grain boundary precipitate dimensions 
and characteristics were 'recorded from T.E~M~ ;for samples rapidly 
" 0 
cooled from solution treatment temperature and aged at 700 and 
850oC. In addition, growth directions and grain mismatch were found 
for the early stages of precipitation. A complete and rapid 
determination was possible due to the development of a measuring system 
utilising a high angle double s"tage--tilt"" spebimen holder. A computer 
was used to handle the mass of information obtained. 
Finally, a hybrid mechanism for the growth of M23C6 discontinuous 
precipitates was developed. Computer integration predicted 
morphologies similar to those observed in practice and kinetics 
which give credence to the participation of carbon diffusion growth 
control. It was concluded that nucleation and growth direction 
into the non-aligned grain have a major influence. 
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Chapter 1 
GENERAL METALLURGY OF NIMONIC 80A WITH A ~EW OF DISCONTINUOUS 
PRECIPITATION 
1.0. INTRODUCTION 
The long and costly development times necessary to produce new 
alloys for a specific purpose has focussed much attention on the 
adaptation of existing alloys. The tailoring of properties of a 
well characterised alloy for a new application shows greatest 
potential in the various approaches made in its heat treatment. The 
optimising of properties, particularly of creep and stress 
sensitisation, have been generally of an empirical basis in which 
grain boundary structure has proved to be the crucial variable. 
This study has sought to define the kinetics of processes occurring 
in the conventional heat treatment of a nickel base superalloy with 
the view to promote a more direct approach to future developments. 
Nimonic alloy 80A was chosen for this purpose because of the 
similarity of the formation of its structural features to those of 
the more complex alloys available today. In particular, the 
mechanisms of phase dissolution and discontinuous precipitation have 
been closely investigated, the latter of which is becoming increasingly 
important with the trend towards directionally solidified components. 
1.1.1. Structure of Nimonic 80A 
Nimonic BoA was developed early in the series of Nimonic alloys and 
is therefore close to the original binary alloy composition of 8~~ 
nickel 2~~ chromium. Chromium in this concentration induces a high 
degree of corrosion resistance through the formation of a surface 
Cr203 layer. Together with smaller additions of iron, titanium, 
aluminium and carbon (Commercial specification given in table T1), 
good high temperature properties are also obtained through the 
controlled precipitation of secondary phases and solute strengthening. 
The four principal second phases are: 
(i) Ni3(AI,Ti) (l') - This is an ordered FCC (LI2 type) structure 
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which has a lattice parameter similar to that of the FCC matrix 
o (3.566A) and invariably forms coherently and with parallel 
orientation. The titanium component can cause a transformation 
to the stable hexagonal D phase during long terms of ageing. 
The alloy is age hardened by the intragranular precipitation of 
small l' particles which contribute to creep resistance by 
acting as barriers to dislocation movement. 
(ii) Titanium Carbonitride Ti(C,N). This is an FCC (BI) phase 
generally considered to be stable, primary and intragranular in 
nature. Fell (1961) however reports its existence in two forms, 
carbon-rich with a lattice parameter of 4.33R and nitrogen-rich 
o 
of 4.24A in which only the latter was unaffected by conventional 
heat treatments. 
(iii) Chromium Carbide M7C3 • This is a complex hexagonal phase o 
of lattice parameters a = 14.01 and c = 4.53A with 56 metal 
(Chromium and Iron according to Goldschmidt, 1948) and 24 carbon 
atoms per unit cell. Its atomic volume is 14.1 ~3 compared to 
the matrix 11.4X3 which explains its large tendency to 
heterogeneous precipitation particularly on grain boundaries and 
dislocations to reduce strain energy. A characteristic of the 
phase is its highly faulted structure which results in a 'streaked' 
electron diffraction pattern. This may be conveniently used for 
rapid phase identification (Beech and Warrington, 1966). The phase 
has been reported to precipitate at temperatures above 9300 C 
(Merrick, 1963) and to transform to M23C6 during sustained ageing 
below 10500 C (Fell, 1961). 
(iv) Chromium Carbide M23C6. This is by far the most important 
carbide occurring in Nimonic BoA. It has a complex FCC structure 
of 96 metal atoms (again iron can replace chromium atoms according 
to Goldschmidt, 1948) and 24 carbon atoms per unit cell with 
o 03 lattice parameter 1o.66A. Atomic volume is 13.3A. The lattice 
parameter is approximately three times that of matrix with which 
it is nearly always partially coherent with a parallel orientation. 
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According to Fell (1961), intragranular M23C6 precipitates at slip 
and twin planes of the matrix in a 'feathery' form. This is promoted 
by a higher solution treatment temperature,. higher alloy carbon 
content and is most pronounced during ageing between 800 and 950°C. 
These precipitates were usually coplanar and found along the (111) 
lattice planes of the matrix though occasional (110) cases were found. 
The effect of water quenching from solution treatment temperatures is to 
introduce widespread cellular precipitation at the grain boundaries and 
larger proportions of M23C6 on slip planes and existing carbide 
particles during ageing from 600 to 80ooc. This was attributed to 
'internal stress'. A recent report by Barlow and Ralph, 1981, 
concluded that cellular precipitation is always present to some extent 
in commercially heat treated Nimonic 80A even if air cooled. Its 
incidence was seen to increase after recrystallization and also in 
alloys of lower carbon content. The more general form of inter-
granular precipitation, however, is continuous which is predominant 
following air cools from solution treatment temperatures and in ageing 
above 800°C. The discrete globular particle distribution along the 
grain boundary which results is accepted as the ideal configuration 
for optimising properties. 
1.1.2. Recommended Heat Treatments (Henry Wiggin & Co. Ltd., 1971) 
To achieve the structural features that give the best combination 
of tensile and creep properties for intended applications, the 
manufacturers recommend two heat treatment cycles for bar stock. These 
may, however, be varied to improve certain properties at the expense 
of others. Both involve an initial heat treatment of 8 hours at 
10800 c (air ~ool) which is intended to take into solution i' which 
dissolves in the range 9600 to 9800 C and M23C6 and some M7C3 type 
chromium carbides wh"ich dissolve in the ranges 10400 to 1095°C and 
1095° to 11500 C respectively. These phases are subsequently 
reprecipitated to give a structure suitable for the component. 
(i) Age for 16 hours at 700°C (air cool). This ageing treatment 
is applied to components requiring good high temperature properties, 
for example turbine blades. This is due to a very fine 
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o 
distribution of spherical l' particles of the order 200A 
diameter within the grain and a light globular precipitation 
of carbide along the grain boundaries. Precipitation is, however, 
incomplete and prolonged service results in loss of ductility 
through enlargement particularly of the boundary particles. 
(ii) Age for 24 hours at 8500 C (air cool) followed by 16 hours 
at 7000 C (air cool). This is for applications requiring long 
term stability with associated ductility rather than the best 
possible initial properties as for example, in industrial gas 
turbines and bolts. The first age produces a coarse cubic l' 
o 
particles distribution (sides around 900A) and a heavier more 
complete globular grain boundary carbide precipitation. The 
second age introduces a fine secondary l' distribution between 
the large l' cuboids which are spherical with a mean diameter 
o 
of 70A. 
1.2.1. strengthening Mechanisms 
The deformation of polycrystalline materials is complicated as the 
temperature increases through about 0.6 Tm (where Tm is the material 
melting point in K) since relative movement of grains' within the 
body of the material take over from individual grain deformation. The 
strength of an individual grain is dependant on solid-solution 
strengthening and precipitation hardening. The former may be assumed 
constant when considering the manipUlation of heat treatment of a 
particular alloy since similar 'atmospheres' of solute atoms which 
impede dislocation movement will be formed. Comparison of other alloys 
by Pelloux and Grant, 1960,has shown that high temperature strength 
would be improved by the inclusion of slow diffusing atoms such as 
molybdenum and tungsten and also elements such as cobalt which 
decrease stacking fault energy between partial dislocations. 
The precipitation hardening in Nimonic alloys is produced by very 
fine l' distributions within the matrix. The low surface energy of 
the 1'-- matrix interface is the reason for the alloy's long-term 
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stability at elevated temperatures. I' is however metastable and 
under some circumstances can transform-to large platelets of the 
hexagonal ~ (Ni3Ti) phase which is non coherent with the matrix 
and therefore deleterious. This is rarely experienced in Nimonic 80A 
due to the low titanium content. The mechanisms by which I' 
particles strengthen the material involve impeding the movement and 
generation of dislocations. These are numerous and complex especially 
at high temperatures when the~ally activated processes play a major 
role in by-passing particles. The effectiveness of impedance is 
dependant upon the volume fraction of the I' phase and its distribution. 
Within a particular alloy, the volume fraction may be considered equal 
after full precipitation treatment. There is generally a critical 
particle size below which dislocations can cut through the phase. 
The resistance to this is the creation on the slip plane of an anti-
phase domain boundary which is a high energy area according to the 
degree of ordering of the precipitate and the relevant atomic bond 
energies. The subsequent passage of another dislocation along the 
same path destroys this area so that it is energetically favourable 
for dislocations to move in pairs. Large I' particles present a 
large anti-phase-boundary to moving dislocations and with the greater 
interparticle spacing promotes 'Orowan looping' (Orowan, 1948). Also 
the process of climbing around precipitates which occurs during high 
temperature creep is more difficult. The larger particles may arise 
through the ageing process or during service by coarsening or 
coalescing. At the normal service temperatures of superalloys, 
individual grains tend to be strong enough to pass the accommodation 
of deformation to the grain boundary regions. 
The strength of grain boundary regions against sliding is controlled 
by the precipitation of chromium carbides. Lack of carbide permits 
excessive grain boundary sliding which causes rapid growth of voids 
and premature failure of the component. On the other hand, a 
continuous film of carbide along a grain boundary gives a continuous 
fracture path and is therefore detrimental to impact properties. The 
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optimum distribution is discrete globular particles which allow 
a gradual boundary displacement to prevent excessive build up of 
stress. It was shown by Betteridge and Franklin, 1956-57, that 
varying the grain boundary dispersions of carbide can produce higher 
elongations to high temperature fracture. There are basically two 
distinct modes of grain boundary failure both associated with voiding. 
At high stresses and lower temperatures, Wedge cracks tend to form 
at triple points as the rigid grains slide relative to each other to 
relax stresses. These propogate along the boundary with time, 
normal to the stress axis to cause eventual failure. This is guarded 
against in Nimonic 80A given the double ageing treatment by large 
globular grain boundary carbides which prevent relative grain 
movement and the less strong l' distribution which permits 
accommodation of strain within the grain. At lower stresses and 
higher temperatures, the failure tends to be the growth of small 
spherical holes along the boundary which coalesce and lead to fracture 
at low elongations (McLean, 1956). Their growth is thought to be 
the result of vacancy emission from the grain boundary and so the 
tightly packed carbides which occupy more of the boundary following 
the single 7000 C ageing treatment probably reduce 'round' voiding. 
Harris, 1976, shows this to be particularly true in the prevention 
of irradiation - induced creep embrittlement of other alloys where 
vacancy emission is responsible for the growth of gas bubbles. An 
advantage of M23C6 precipitation in nickel based alloys is that a 
low energy partially coherent interface is always produced with the 
matrix due to their close structural relationship. The interface is 
therefore even less able to act as a vacancy source. 
A third intermediate type of voiding may also be promoted at grain 
boundaries though little experimental evidence exists for its occurrence 
in superalloys. Relative sliding of grains over a precipitated 
boundary could create a form of wedge crack at the precipitate-boundary 
junction. Horsewell, 1978, found that during dislocation creep of a 
simple austenitic stainless steel, M23C6 grain boundary precipitates 
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act as dislocation sources during primary and secondary creep. 
This was interpreted as resulting from local grain boundary sliding 
occurring between the particles. A similar alloy with induced 
vanadium nitride precipitation on grain boundary dislocations 
prevented M23C6 particles from acting as stress concentrators by 
avoiding the formation of grain boundary dislocation pile-ups against 
them. Failure by void nucleation or decohesion at M23C6 precipitates 
has been observed in creep resistant steels by Silcock and Willoughby, 
1974, but a similar occurrence in Nimonic alloys is unlikely due to 
the necessary expanses of free grain boundary being eliminated by 
dense precipitation. It would also be prevented by a ductile region 
around the grain boundary such as that suggested by Betteridge and 
Franklin. Although not normally evident in Nimonic 80A, it was 
proposed that the precipitation of chromium-rich carbide along the 
grain boundary denudes the immediate matrix of chromium which under 
some circumstances can produce a l' precipitate. free zone. The 
lack of precipitation and solute hardening would then result in a 
relatively soft matrix layer capable of relieving stress and delaying 
fracture at the grain boundary. It is interesting that Tein and 
Gamble, 1971, demonstrated that l' precipitates near to grain 
boundaries lying perpendicular to a tensile stress axis can dissolve 
under creep conditions.to be reprecipitated at boundaries parallel to 
the stress axis. This increases the tendency for voiding and grain 
boundary sliding on the respective favourably placed boundaries and 
can only be deleterious to the alloy properties. 
Grain boundary carbides were found to migrate by Kihava et aI, 1980, 
during creep in Inconel 617. Thermodynamically and mechaniyally 
unstable carbides on compressively stressed boundaries dissolve and 
the constituent solute atoms diffuse to tensile stressed boundary to 
reprecipitate and coarsen the carbide particles existing there. The 
rate of migration was found inversely proportional to the grain size. 
They concluded that grain boundary carbides contribute to the 
reduction of creep rate by suppressing the recovery mechanism of 
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grain boundary migration which sometimes occurred when the population 
of particles on compressive boundaries became low enough. Increase 
in grain boundary sliding and voiding due to change in particle 
distribution is, however, thought to be the more likely factor for 
their observed variation of creep rate. The depletion of particles 
along the compressive boundaries may also permit the voiding at 
particles mentioned above. The importance of grain boundary particle 
distribution was nevertheless ~mphasized and the change in morphology 
and distribution during creep processes was recorded. 
The formation of discontinuous precipitates along the grain boundary 
is generally accepted as having a deleterious effect on mechanical 
and physical properties. In Waspallay, Kotval and Hatwell, 1969, 
proved that the formation of cells of M23C6 lamellae results in a 
significant decrease in high temperature ductility. The discontinuous 
carbide causes a rapid initiation of grain boundary cracks with 
subsequent premature failure. Creep cavitation is associated with 
discontinuous precipitation in directionally solidified superalloy 
IN-738 LC according to Scarlin, 1976, and Merrick et al, 1973, have 
reported an increased tendency for edge cracking during the hot 
working of 25-6 stainless steels. In Incoloy 825, Raymond (1968) 
demonstrated the disturbing fact that the formation of discontinuous 
M23C6 cells sensitised the boundaries to rapid intergranular attack 
and the occurrence of catastrophic failure. Clearly a major step 
forward in alloy performance would be achieved if the discontinuous 
reaction could be suppressed in a controlled scientific manner. So 
far a successful method in binary alloys has been the use of ternary 
additions but an extension to complex alloys could prove to be more 
disadvantageous in other aspects of properties. 
1.2.2. Effect of Grain Size 
It is well known that a similarly heat treated alloy can exhibit 
differences in properties depending on its processing history. For 
instance, forged Nimonic 80A may have a higher life and lower 
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elongation to rupture than extruded stock. Also extruded material 
can show a property improvement by cold working before heat 
treatment. It is generally thought that variations in grain size 
through recrystallization is the controlling factor. 
Numerou; reports such as by Taylor, 1963, and Pashak, 1968, have 
shown that larger grain size increases creep resistance in pure metals 
and single phase solid solution alloys. The situation is however less 
clear in alloys with precipitated phases and in steels, research has 
often indicated only a small effect of grain size compared to other 
factors (Bryant, 1966). White (1969) rightly points out that such works 
are misleading because grain size was altered by increasing the solution 
treatment temperature. This alters the nature of grain boundaries since 
high energy boundaries tend to be removed preferentially and differing 
proportions of precipitated phases are taken into solution. This 
causes solid solution hardening and a greater latent creep. White 
varied grain size by cold work followed by conventional heat treatment 
and found that there was a marked change in properties in Nimonic 80A. 
The optimum creep rupture and impact properties were obtained from a 
grain structure of O.14mm diameter. Better tensile properties however 
were produced from the finer grain size. The report implies a 
relation of creep to grain size but does not indicate whether the 
size and distribution of grain boundary precipitates were altered. 
Smaller areas of grain boundary per unit volume of material would 
potentially have a larger amount of precipitated phase. 
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1.3. GRAIN BOUNDARY P~IPITATION OF M23C6 
Precipitation of M23C6 on grain boundaries is governed by one of two 
distinct mechanisms which are known as continuous or discontinuous. 
The distL~ction is whether or not a concentration profile is set up 
by diffusion of solute to the precipitate. 
a) Continuous - A variety of morphologies are possible which fall into 
the categories of either dendritic or geometric. The dendritic form 
has been observed by many authors, in particular by Wilson (1971). 
These generally use an extraction technique since the particle size 
(sometimes in the order of microns in length) and shape often cause 
it to be truncated by the sectioning plane in thin foils, so confusion 
with discrete particles could occur in TEM. The nucleation and 
growth is not clearly understood but the formation appears to be 
extremely rapid within the plane of the boundary. 
Geometric shapes have been equally well studied and their regularity 
has made work on theoretical nucleation and growth models possible. 
Carolan, 1981, predicted extremely fast nucleation times in austenitic 
alloys and the models for growth proposed by Faulkner and Caisley, 
1976, have proved successful over short ageing times. These were 
based on a collector-plate mechanism where solute diffuses to the 
boundary and is then rapidly transported to the established precipitate 
which grows in accordance with its nucleated shape. Lengthening (and 
thickening) was shown to be proportional to the sixth root of the 
ageing time. 
L6. Jt 3. (x e (le )2 t - x (l (r) = 
4 K2 A 2 Dv.(x (l lXe )2 • v • - X IX (r) 
where 
Av collector plate area 
Dv matrix diffusion coefficient 
L precipitate half length 
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K constant aspect ratio of precipitate geometry 
x e - concentration of solute in precipitate 
x IX - concentration of solute in matrix 
x~ir} - equilibrium concentration of solute at the precipitate/ 
matrix interface corrected for precipitate curvature. 
The above work has, as yet, only been conducted for early stages of 
precipitation due to the use of the initial carbon concentration in 
the alloy for calculating x ~~r). Later stages would necessitate 
the use of a variable term depending on the depletion of carbon 
from the matrix due to precipitation of the carbide. 
The shape of geometric particles is dependant on the structure of the 
boundary and on the orientation of the two adjoining grains. The 
early stages of growth of M23C6 particles on the grain boundaries 
of an austenitic stainless steel were followed by Adamson and Martin 
(1971). They concluded that nuclei tended to form on dislocations 
and ledges within the grain boundary structure and that the nucleation 
process involved the development of {111} facets on one of the 
grains from which the particle adopted the same orientation. The 
density of nuclei was found closely related to the number and 
configuration of defects present in the boundary. The wide variation 
in observed particle size and distributions can therefore be easily 
attributed to the diversity of grain boundary structures possible. It 
is notable however that precipitates tend to be similar along a given 
area of boundary. Stickler and Vinckier, 1963, reported the case of a 
high density of precipitates where the particles join together to 
form an alm9st continuous film. In the other extreme where few and 
larger particles can grow, Singhal and Martin, 1968, observed that 
grain boundary migration can occur around the precipitate in order to 
expose as much of its surface to the related grain presumably with a 
{111} facet where possible. 
b) Discontinuous Precipitation - Considering the disastrous effect 
this reaction can have on a superalloy it is surprising how little 
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the kinetics of formation have been investigated. No quantitative 
measurements have ever been recorded of the growth of M23C6 cells 
on grain boundaries, however the following observations have been 
made. The M23C6 carbide grows as parallel rods which all have the 
same orientation as one of the adjacent grains. Their growth 
involves the migration of the boundary in unison with the advancing 
front of the tip of the rods. As the non-related grain is consumed a 
solute depleted matrix of 1 is deposited between the rods in a 
similar orientation to the precipitate related grain. The 
requirement for diffusion along,and migration of the grain boundary 
for nucleating cellular precipitation is given as the reason why it 
is not seen on twins and on boundaries near to coincidence 
orientations. Its promotion is often linked with an 'open' quality 
of boundary such as intrinsic discontinuities in boundary periodic 
structure (ledges and dislocations) and possibly even the extrinsic, 
strain induced variety. 
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1.4. DISCONTINUOUS PRECIPITATION REACTIONS IN GENERAL 
To view the present knowledge of discontinuous precipitation 
reactions it is necessary to present its occurrence in other alloy 
systems. There have been a number of recent review papers on this 
subject notably by Gust, 1979, and Williams and Bulter, 1981. The 
latter authors remark on the wide terminology used i.e. discontinuous, 
cellular, grain boundary, recry,stallisation and autocatalytic 
reactions but suggest that only discontinuous should be applied for 
clarity since there is consistently a discontinuous nature of 
orientation and solute concentration across the cell interface. They 
classify three main types of reaction as first used by Thompson, 
1971, and shown diagramatically in figure 1. 
(i) a' - a + 
Single-phase supersaturated matrix, a' transforms behind a moving 
boundary to lamellae of the thermodynamically stable solute depleted 
matrix, a , and precipitate (3 • a' in grain B differs in orientation 
to the phases of grain A. An example of this type is to be found 
in Mg - 10 wt.% Al with the precipitation of Mg17 A112• 
(ii) IX' + 't - IX + 0 
The coherent homogenous matrix precipitate 't is consumed together 
with the matrix, tt' and redeposited in lamellae form in the 
orientation of the other grain A. This can ultimately be a simple 
coarsening phenomenon often termed the 'discontinuous-coarsening' 
reaction. 
(iii) IX 
The coherent metastable I changes to the more thermodynamically 
stable 6 phase amidst the change of matrix allegiance from tt' 
(grain B) to IX (grain A). An example exists in the Cu - 2 wt.% Be 
binary system. 
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The precipitation of M23C6 in nickel-based superalloys generally 
follows the type (i) reaction although in the case of rapid 
Ni3 AI, Ti ( • ,) precipitation, a type (iii) reaction can occur. 
The occurrence of discontinuous precipitation within an alloy system 
or even on a particular grain boundary within a susceptible system 
has evaded the prediction by a common simple model formulation. 
The variety of influencing fac~ors have been surveyed individually. 
A minimum matrix/particle misfit parameter of 1% proposed by Hagel 
and Beattie, 1959, implying a matrix strain energy driving force was 
soon squashed by the Ni3 Al in Ni - AI, Ni3 Ti in Ni - Ti and Al3 Li 
in Al - Li reactions which are considerably less than this critical 
misfit. Similarly Bohm, 1961, used the criterion of atomic solvent/ 
solute size mismatch parameter in Cu - X systems. The required radii 
difference of greater than 11% was not complied with in the Cu - Co 
alloy. Merrick, 1976, derived an expression using the change in 
grain boundary energy with degree of solute segregation to initiate 
boundary motion. Again exceptions to the rule were found and 
controversy exists over the values involving energy used in his 
calculations. In fact all that can be confidently stated about the 
occurrence of the reaction is that it is sensitive to grain boundary 
characteristics and matrix supersaturation (chemical driving force). 
Initiation of Discontinuous Precipitates 
There are two trains of thought on how discontinuous precipitation is 
initiated which are 
a) 'precipitation induced boundary migration' whereby precipitates 
nucleate and through the deposit of their products cause a continued 
adjustment of boundary position. 
b) 'precipitation on migrating boundary' where small thermally 
activated movement of boundaries stimulate the formation of nuclei. 
Following initial motion, the growth will be sustained in both cases 
by change in chemical free energy. 
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Tu and Turnbull, 1967, proposed a 'pucker' mechanism for the 
precipitate induced motion after its observation in the Pb - Sn 
system. Figure 2. (i) shows the progress subsequent to the 
nucleation of a plate-shaped precipitate in the plane of the boundary 
which has a low energy interface with the related grain and a high 
energy interface with the non related grain. The puckered alignment 
with the low energy plane was seen to promote migration of the 
boundary to envelope the precipitate so that both interfaces were 
of low energy. The boundary on one side was then favourably oriented 
for the nucleation of another precipitate. The process repeated 
itself to result in a series of parallel particles and an advanced 
boundary. The initial driving force for boundary migration was 
therefore the reduction in interfacial energy. Aaron and Aaronson, 
1972, calculated the activation energy for nucleation of this type 
of precipitation to be higher than that of conventional grain boundary 
nuclei and thus concluded that its occurrence would be only under 
special conditions. This is confirmed experimentally since the 
'pucker' mechanism is not the universal component associated with 
discontinuous precipitation and its early stages have not yet been 
recorded by 'in situ' techniques. 
Nes and Billdal, 1977, explained the initiation of Al3 Zr 
discontinuous precipitates in Al - Zr alloys by showing that the 
balance of interfacial energies favoured the phase to have least 
contact with the non related grain, as shown in figure 2 (ii)a. The 
cusp produced by continued growth via grain boundary diffusion has 
a catalytic effect in nucleating precipitates on the surrounding 
boundary (b) and (c). A continual branching of the central 
precipitates could develop a fan shaped cell which matched their 
physical observations. The most common mechanism hovrever,as indicated by 
indirect observations of the early stages of grain boundary 
precipitation in austenitic alloys is bou~dary motion induced by 
the action of a large number of nuclei. Singhal and Martin, 1968, 
demonstrate that M23C6 carbide precipitating in stainless steel grow 
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into the non-related grain causing the boundary to climb around 
the particle sides. Dense simultaneous nucleation would therefore 
extend the effect to the exodus of a wide stretch of boundary. 
Williams and Bulter point out that there is no simple reason why the 
above cases of discontinuous growth should take place on a grain 
boundary in preference to continuous precipitation. 
A mechanism which can explain discontinuous precipitation on one 
. 
boundary rather than another is one which requires an initial slight 
migration of the boundary by thermal activation. Fournelle and Clark, 
1972, considered that the movement promoted a deposit of a slightly 
depleted matrix in its wake and therefore a boundary enriched with 
solute. Nucleation of precipitates is then highly favourable and 
further migration can occur because of a composition gradient across 
the boundary. Figure 2.(iii) shows that the pinning by the nuclei 
causes a bow in the boundary with which the authors use as a criterion 
for the discontinuous reaction, i.e. the reduction in chemical free 
energy must exceed the energy used to create a larger grain boundary 
area, otherwise the reaction becomes continuous in nature. Such a 
mechanism was proposed for precipitation in Cu - In alloys and is 
associated with high ageing temperatures where boundary movements are 
easier. This is opposed to the low temperature relationship of 
precipitation-induced migration which depends on dense nucleation 
kinetics.' 
The driving forces to initiate the discontinuous precipitation reaction 
have been summarised as follows: 
= 
where 
11 GGB and 11 GDerH are the reductions in free energy associated 
if grain growth and recrystallisation are prior to precipitation. 
I1Gpptn accounts for interfacial energy favourability for boundary 
motion following precipitation and 11 GE for any misfit imposed by 
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compositional profiles. These were considered by Hillert and 
Lagneborg, 1971, in discontinuous precipitations in austenitic 
stainless steels. They demonstrated the importance of considering 
all possible initiation forces and deduced by observation that the 
~GGB (and ~GnefM when applicable) was the main initiation factor 
in their case. 
Growth of Discontinuous Precipitates 
The equation above compares with the driving force for growth in 
which the ~ Gpptn and ~ GGB terms are replaced by the change of 
chemical free energy occurring across the boundary, ~GC. In the 
type (ii) and (iii) reactions an addi tional ~ G "t energy is 
introduced which defines the reduction in precipitate/matrix 
interfacial energy, i.e. 
~G = g 
In opposition to this is the energy needed to create new grain 
boundary area, new precipitate/matrix interfaces and if there is 
a volume change accompanying decomposition, strain ene-rgy. 
Present models for growth mechanisms and kinetics rely on the 
conditions observed in a well established reaction front where linear 
growth is attained. This state is shown in figure 3.a, the cell 
interface is approximately planar and the interlamellar spacing, s 
is constant. Experiments show that this average interlamellar spacing 
increases with ageing temperature. Deviations from the planar 
reaction front have been proposed by Hillert, 1969, which are governed 
by -the balance of the three different interfaces at their junction. 
Figure 3. b is comparable to the precipitate leading the grain 
boundary and 3.c vice versa. Such pronounced interparticle curvature, 
however, is seldom seen in practice and neither is a consistent 
deflection of boundary about the tip of each particle. In instances 
where the complete cell bows out considerably during its growth, it 
is necessary for the formation of extra lamellae to maintain the 
constant interlamellar spacing. 'In situ' studies amongst other methods 
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have been successful in providing ample evidence for a branching 
mechanism (figure 4.a). Direct branching during the type (iii) 
reaction was observed by Bulter et al, 1973, in the Al - Zn system. 
The alternatives, repeated nucleation (figure 4.b) and nucleation in 
a boundary recess (figure 4.c) are not so well supported. Certain 
evidence does exist in the Cu - Ti alloy (Ecob et aI, 1979) but 
often the TEM sections used for examination are deceptive since the true 
root of lamellae may not be within the foil. Nevertheless, the 
· mechanism is a realistic possibility. 
The theories of growth of discontinuous precipitation generally attempt 
to predict the growth rate as a function of temperature for a 
particular interlamellar spacing. Most are adaptations of the earliest 
model proposed by Zener, 1946, which assumed a control by solute 
diffusion in the forward matrix. This is analgous to the theory 
for the eutectoid reaction which assumes the available free energy 
is used to create the matrix/precipitate interface. 
Velocity of cell interface, V = 
where Dv = volume-diffusion coefficient 
K1 = constant proportional to the concentration difference 
across interface (matrix) 
The more realistic Turnbull's (1954) boundary-diffusion controlled 
model derives an inverse relation with the square of the interlamellar 
spacing, i.e. 
V = 
where ~ = boundary-diffusion coefficient 
= effective thickness of boundary 
= constant similar to K1 
Further steps forward were made by Cahn (1959) and Aaronson and Liu 
(1968) who modified the K2 constant to account for boundary friction 
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and the effect of boundary curvature on phase solubility respectively. 
More detailed assessments have also been made by other authors 
notably Sundquist (1973), Hillert (1972) and Petermann and Hornbogen 
(1968), all however are too specialised to be of practical use. At 
the root of these equally possible variations in theory is that no 
sure prognosis can be made about the interlamellar spacing. Since 
there is no universal defining principle by which the reaction 
proceeds, each proposal must m~e a bold assumption regarding the 
kinetics. A few examples are; the maximising of boundary velocity 
(Hillert), the maximising of the reduction in Gibb's free energy 
(Cahn) and the maximising of entropy production ( PuIs and Kirkaldy). 
It may be that the majority are correct for the systems about which 
they are associated. If so, it would appear that an individual cell 
needs to be characterised and the theory developed and applied to the 
situation in question. Apart from the obvious need to examine cell 
size and morphology, recent microanalysis techniques have permitted 
the measurement of compositional aspects which go a long way in 
clarifying the basis of discontinuous kinetics. 
Elemental Compositions in and around Discontinuous Precipitates 
Porter and Edington (1977) used plasmon electron energy loss analysis 
to determine the change in solute content across discontinuous cell 
interfaces in Mg - Al alloys (type I reaction). Figure 5.a shows 
part of their work which is a typical concentration profile to be 
found perpendicular to a discontinuous matrix/supersaturated matrix 
boundary. The discontinuous nature is clearly evident to the level 
of resolution. From a review of higher resolution studies using 
STEM X-ray microanalysis, Williams and Bulter conclude that solute 
redistribution is at least limited to a region of 10nm from the 
advancing boundary. A second concentration profile produced from the 
solute depleted matrix, ~ between f3 precipitates in the wake of the 
boundary is shown in figure 5.b. This highlights the prediction by 
theories advanced from Turnbull's that a static equilibrium state is 
not reached by the reaction during growth. Cahn (1959) developed an 
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equation to predict the extent to which this inequality exists, i.e. 
C (z) = Co - (Co - c3) cosh (Z.A~/S 0( ) " 
cosh (0.5.A2 ) 
C(Z) = fractional solute concentration in ~ as a function of Z. 
Z = distance from centre to the edge of lamella. 
Co = bulk alloy composition 
C3 = 0( / ~ interface (equilibrium) composition 
A = dimensionless parameter used in the particular growth theory 
development. 
The continuous line of figure 5.b shows a good fit of Cahn's 
determination to the experimental case. This type of comparison may 
therefore serve to expose the more correct theories. The drawback 
is that not all discontinuous precipitation is amenable to 
compositional measurement. For instance, lamellae may be too close 
together, the precipitate may be in the form of rods or the elements 
in the alloy system may be difficult to resolve accurately. 
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1.5. CONCLUSIONS 
An assessment of the literature published on Nimonic BOA and related 
alloys has shown that the incidence and morphology of all possible 
phases have been well characterised. Processing to achieve 
commercially acceptable properties have been derived empirically and 
the relevant strengthening mechanisms imposed by continuous carbides 
and Ni3(Ti, AI) are establisheq. A number of notable routes to 
improvement are nevertheless available -
1) A combination of mechanical working and solution heat 
treatment can be used to obtain an optimum grain size to 
improve properties. 
2) The solution heat treatment can be controlled so as to 
dissolve a required amount of carbide. This may then be fully 
reprecipitated to achieve the grain boundary particle distribution 
best suited to the properties of the component. Subsequent 
service deterioration would therefore be dependent on coarsening 
and not on a continued precipitation process. 
3) Elimination of M7C3 prior to service would remove excessive 
growth of M23C6 grain boundary particles due to transformation 
during service temperatures. 
4) The complete removal of the deleterious discontinuous 
precipitate growth along grain boundaries would be advantageous. 
These improvements require detailed knowledge of the kinetics of the 
processes i~volved during heat treatment. The result of dissolution 
following conventional solution heat treatment are well documented 
but little is known of the dissolution rates and the effect of 
temperature variation. Similarly since discontinuous precipitation 
is less frequent than continuous growth, little attention has been 
paid to its formation and growth characteristics. 
A review of general discontinuous precipitation has revealed that no 
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universal principle is yet known to apply to either its initiation 
or growth. The detailed discontinuous reaction characteristics 
vary enormously, both within a particular alloy and in different 
systems, and it is perhaps necessary to treat each case individually. 
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Chapter 2 
. 
EXPERIMENTAL PROCEDURES 
2.1. MATERIAL 
A standard melt of Nimonic BOA was cast into a 20kg ingot following 
deoxidation with Magnesium. This was extruded and hot rolled to 
I 
15mm diameter round bar and supplied as a number of 1.3m lengths. 
100mm was cropped and discarded from the ends of each bar. The 
accompanying manufacturers analysis together with the specified 
composition range or maximum are given in table T.1. 
2.2. HEAT TREATMENTS 
2.2.1. Solution Heat Treatment 
Specimens of 30mm length were taken from the stock using a diamond 
cutting wheel. Adjacent regions of the same bar were used for each 
section of heat treatment. 
Preliminary 
Initial treatments were carried out in a JMC platinum wound high 
temperature ( < 1400oc) tube furnace with control of ± 10oC. Unless 
stated, each treatment was followed by a water quench and time of 
anneal was taken from insertion of specimen into furnace. The 
conditions used are listed in table T.2 together with those of the 
following sections. 
Detailed Studies 
Specimens for individual carbide studies were subjected to a higher 
degree of temperature control by using a new Carbolite tube furnace 
with a maximum temperature of 1200oC. For each case the temperature 
Was allowed to stabilise for 4 hours prior to treatment during which 
an independent constant temperature record showed a variation of only 
- 23 -
~ 3°C over 2 hours. The 6.5 hour anneal at 10200C registered a ~ 5°C 
change. Ail specimens were water quenched. 
Service Temperatures 
A 'service' temperature of 700°C was maintained in a Gallenkamp 
baffle furnace (1100 max) to +10°, -15°C. Prior heat treatments were 
conducted as the previous section. 
2.2.2. Deformation and Solution Treatment 
Light Deformation 
Standard tensile specimens for a Hounsfield tensometer (type W) were 
machined with diameter 6.35mm and distance between shoulders of 
25.4mm. Ten of these were then solution treated for 100 minutes at 
10Bo°c and plastically deformed to approximately 0, 0.75, 1.5, 2.5, 
4.5 and 8.~~. Actual deformation curves are shown in graph G.1. 
Each was bisected across the diameter and one half resolution treated 
at 10800 c for 60 minutes. 
Heavy Deformation 
A complete 1.3m long, 15mm diameter round bar was cold rolled to flat 
bar with a thickness of 6.73mm. This was solution heat treated at 
10800 c for 8 hours. Sections of bar were then removed during a 
subsequent cold rolling sequence to give material with a series of 
thickness reductions of 0, 6.8, 10.2, 15.1, 20.0, 25.3, 30.2 percent. 
Again the stock Was divided into two and one half was solution treated 
for 2 hours at 10800 c in the Carbolite furnace. 
2.2.3. Ageing Treatments 
A bank of aged specimens was created so as to give a ready and 
consistent source when and if required. 
Bulk Specimens 
30mm lengths of the round bar were given the recommended commercial 
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heat treatment of 8 hours at 1080 ! 100 C in the JMC furnace. The 
precipitation programs shown in table T.3 (a) were then undertaken 
using a baffle furnace with -10, +5°C maximum temperature variation. 
Specimens for TEM 
Two adjacent 30mm long pieces of round bar were solution treated for 
two hours at 10800 c in the carbolite furnace. Slices O.5mm thick were 
then cut from both these and the flat bars given 6.&~ and 30.2% 
deformation prior to solution treatment. This was achieved with a 
Metals Research 'Servomet' Spark Erosion machine fitted with a Spark 
Slicer using 26 s.w.g. tin coated copper fuse wire. As expected for 
a hard material cut on spark energy regime number 4, early transmission 
electron microscopy revealed no internal damage in the areas from 
where thin foils could be taken. Therefore this method excludes 
interference with precipitation by preparation induced dislocations. 
The relatively long distances of the surfaces away from the region 
of interest also promotes the idea that the centre of these slices 
is under the same conditions as bulk specimens. 
Ageing was carried out in the carbolite furnace under strict 
temperature control. These are listed in table T.3 (b). So as to 
maintain compatability, the slices to be given the same heat treatment 
were grouped together and then strapped around the head of a Chromel-
Alumel thermocouple. This gave a direct temperature reading on a 
potentiometer during insertion of the samples in the furnace. The 
rate of increase in temperature was recorded for each treatment and 
typical plots for each ageing treatment are shown in graph G.2. An 
arbitrary heating time of 2.5 minutes was allowed when generally 100 
below the required temperature was reached. Where diffusion 
mechanisms are being considered this heating period must be accounted 
for. 
Three assumptions were made for this correction: 
(i) Time within 250 C of the required temperature was included in 
the overall time. 
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(ii) Diffusion below 600°C was relatively unimportant. 
(iii) A constant heating rate e = dT/dt connected these two 
periods. 
The modified heating curve is shown on the same graph where an 
effective heating time, t c may be calculated for the central region 
by considering the reverse of a cooling correction (Williams et al, 
1976). Diffusion coefficient, D, is not constant in time since 
heating rate affects the number of jumps an atom species can make 
before reaching a 'constant' temperature. 1f number of jumps during 
heating is equivalent to the number of jumps made at the final 
temperature Tf 
tc 
where 
in time t c, then 
k.Ti2 
'Y. 
'Y .- (1 - e.t ) Tf 
EM = Activation Energy for Diffusion 
k = Boltzmann's Constant 
Chromium Diffusion to 850°C 
e = 1.25
OC per sec. 
t = 40 sec. 
Tf = 1123 K 
k = 1.38 x 10-23 J K-
1 
ECr = 66.1 kJ/mol (Pruthi et al, 1977) 
1 1.25 x 40 1.38 x 10-
23 x 11232 
x 1023 tc = 103 1123 1.25 x 66.1 x 
[sec J.T-1 .T2 Ad.NO] = 
-1 -1 x T.sec.J.mol. 
= 20.13 secs. 
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To 700°C, 
e = 0.482oC per sec 
t = 41.5 sec. 
Tf = 973 K 
tc = 
1 _ 0.48 x 41.5 
973 
= 15.49 secs. 
1.25 x 66.1 x 103 
These corrections together with the time during the heating period 
when temperature was within 25°C of that required must be added to 
the subsequent ageing time, ta· 
Total Ageing time @ 700°C = ta + tc + t/}.25° 
= ta + 15.49 + 75 = ta + 90 secs. 
Total Ageing time @ 850°C = ta + 20.13 + 92 
= ta + 112 secs. 
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2.3. PREPARED-SURFACE INVESTIGATIONS 
2.3.1. Particle Measurements 
The 'Preliminary' solution treated samples (section 2.2.1) were 
investigated for grain boundary and intragranular particle 
relatioriships. Each specimen was cut with a diamond wheel one third 
along its length to form a transverse section and in certain cases a 
longitudinal section was cut ~ong the diameter. The cut surface was 
then ground to a standard of 1200 carbide paper and polished on 
successive diamond wheels to 1 ~m fineness. A final electropolish 
was made in a solution of 2~~ perchloric acid, 4ry~ methanol and 4~~ 
butoxyethanol at OOC and - 15 volts. A carbide relief was obtained 
by electrochemically etching in 1~fo hydrochloric acid in methanol 
at room temperature for 5 seconds at 10 volts. 
Observations were made in a Cambridge Stereoscan 2A Scanning Electron 
Microscope using 30 KV accelerating voltage. 
The Specimens were tilted at 450 and the image was electronically 
corrected to give true distances on the screen and therefore on the 
photographs taken. The procedure was to take a general picture of a 
typical central region with magnification of around 300 times and 
then a photomontage of at least 9 sections was made within this area 
at magnifications up to 3000 times, according to the particle 
distribution. Magnifications were recorded from the more precise 
source on the specimen height meter. 
It was found possible to distinguish between Titanium and Chromium 
carbides on" the S.E.M. screen since the former particles were generally 
larger, more irregular and were of a different reflective nature 
(visually duller) •. The check was made using an X-ray energy dispersive 
analyser from which a high prediction rate was obtained. 
Photographs were enlarged to twice the size and therefore magnification 
of the S.E.M. screen. The results of simple particle counting and 
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particle size determinations are shown in table T.4 and graphs G.3 
to G.6. The size measurements were intended to be a crude 
estimation and consisted of placing each particle into a diameter 
range indicated on a clear plastic sheet. This was viewed through 
a magnifying glass to give better definition. 
Particle Size Distributions 
The two histograms G.3 a. and G.4 produced from particle size 
measurements were both shown to be in the nature of a Normal 
distribution by such as the straight line of the cumulative frequency 
graph G.3.b. This enables the use of a method devised by Ashby and 
Ebeling, 1966, for calculating the number of particles per unit 
volume and the volume fraction of phase using measurements from 
extraction replicas (see later section 3.2.2.). 
2.3.2. Grain Boundary Measurements 
To investigate the influence of particle size and distribution on the 
grain size within an alloy, the normal methods of grain size measure-
ments were found too coarse. A more specific analysis could be made 
by measuring the length of grain boundary per unit area of cross 
section from micrographs of lightly etched flat surfaces taken in 
optical or scanning electron microscopy. The ideal instrument to 
use is shown in fig. 11 which is a small version of a pedometer most 
often used in conjunction with road maps to measure scaled distances. 
By setting to zero and then following the grain boundary with the 
relatively sharp metal wheel using light pressure, a direct measurement 
of length can be made. The surface of the print above the grain 
boundary image shows a light impression after a pass and so ensures 
that a boundary is not measured again. 
The grain boundaries of the samples in the precading section were 
measured in this way and the results are shown in table T.4 and graphs 
G.5 and 6. 
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Deformed Specimens 
Longitudinal and Transverse sections of the light and heavily 
deformed samples, both as worked and solution treated, were polished 
and etched in a similar way to those of the previous section (2.3.1.). 
Micrographs between 64 and 320 times on the negative of a 35mm 
film were then produced on a Reichert 'ME F2' Universal Camera 
Microscope fitted with a KAM ES electronic camera system. At least 
6 photographs were taken at eq~al measured distances along each section 
and the only adjustments at each 'stop' was to focus the image. 
Prints were developed at 6 times the negative size and grain boundary 
lengths were measured as the preceding section (graphs G.7 and 9). 
The specimens were then repolished and the average hardness from 4 
positions along each section was found using a Vickers-Pyramid 
Hardness Testing Machine. Determinations are shown in graphs G.8 and 
G.10. 
-~-
2.4. PHASE EXTRACTION 
2.4.1. Technique 
Phases were electrolytically separated from specimens which had been 
surface ground to remove all traces of oxide, including layers folded 
in during hot working. Each specimen was sonically cleaned and weighed 
before dissolving away ten grams or more in the apparatus shown in 
figure F.6. The constant drip and overflow ensured the supply of 
I 
hydrogen ions for dissolution and a constant solution level. The 
conditions for electro chemical etching were a 1~~ HCI in A.R. 
methanol electrolyte using a potential between 3 to 3.5 volts to give 
approximately 0.04 amps per cm2 of immersed specimen surface. These 
conditions dissolve the alloy matrix, 1', magnesia etc. leaving 
carbide precipitates free to collect unaffected in the centrifuge 
tube. On completion, the specimen was dropped into the centrifuge 
tube to be sonically cleaned of adhering carbides and removed 
following a careful washing technique. The carbides and solution were 
then centrifuged at 3000 r.p.m. + so that most of the clear solution 
could be decanted off to retain the carbide powder under a small 
amount of liquid. Repeated dilution with methanol and centrifuging 
left the powder below a small quantity of pure methanol which could 
be evaporated away. Weighing of the residue and the remaining 
specimen revealed the amount of carbide contained in the alloy. At 
least two dissolutions were carried out for each sample and the 
de terminations are presented in table T.5. 
2.4.2. X-Ray Diffraction 
X-Ray examination of the powders was conducted using Cu Koc radiation 
from a Phillips PW/1130/00 generator with a PW1050/25 diffractometer. 
The samples were cemented onto a 1.0 x 1.5 cm base of cardboard using 
non-crystalline glue and further powder was compacted on top to 
produce a flat surface. The normal diffraction and recording conditions 
were: Operating voltage 40 KV 
Operating Current 25 mA 
Goniometer speed 0.125 degree per min. 
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Pen recorder paper speed 
Recording time constant 
Graph max. counts per sec: 
Large peaks 
Small peaks 
600 cms per hour 
10 secs. 
100 cps 
40 cps. 
The Bragg angle, height, half-Intensity width and Integrated Intensity 
(using a Stanley-Allbrit planimeter) of each peak were measured and 
are recorded in tables T.7, T.8, T.9 and T.10. An example graph of 
intensity of diffraction versus spectrometer angle 20 is shown in G.7 
with an identification of diffracting phases and planes in the carbide 
extract from the as-received stock. 
2.4.3. Elemental Analysis 
An elemental analysis was made from three powders known to consist 
of either one or two phases, i.e. Ti(C,N), Ti(C,N) + M7C3 and 
Ti(C,N) + M23C6. This was carried out on a Cambridge Stereoscan 2A 
Scanning Electron Microscope fitted with an X-ray energy dispersive 
microanalytical Link system. Conditions of operation are listed in 
table T.11 a. which shows that a ZAF correction program for absorption 
was used and Cobalt was the calibrating element (Standard Link system 
program coded ZAF - 4/FLS). 
The Flat powder specimens were prepared by compacting a thick layer 
of carbide powder, using the side of a new scalpel blade, onto a base 
of Carbon dag spread over an aluminium stub. A slice of pure Cobalt 
polished to 1 ~m on a diamond polishing wheel was also cemented to 
each stub for standardisation. The corrected results are summarised 
in table 11.b. and the average of at least three analyses per sample 
is used and discussed in section 3.1.2. 
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2.5. TRANSMISSION ELECTRON MICROSCOPY 
2.5.1. Thin Foil Preparation 
Slices of block samples to be observed in Transmission Electron 
Microscopy were removed by spark erosion as described in section 2.3.3. 
3mm diameter disc specimens were die punched from each slice of 
sample and then ground to 0.2mm on carbide papers. A Metal Thin 
electroplating unit was used t~ produce a thin central region in each 
disc with an even surface polish. A high intensity light source 
was used to trigger the light sensor cut out so that perforation was 
checked as soon as possible. This was aided by piping a liquid N2 
coolant through the electrolyte to keep the erosion rate down. 
Conditions used were:-
Electrolyte 
Temperature 
Set Voltage 
,... Current 
20% Perchloric Acid (A.R) in Ethanol (A.R) 
_ 100 C 
14-16 V 
80 mA 
Exacting conditions were found necessary to prevent the very large 
titanium carbonitrides present in the matrix from falling out and 
causing holes with thick surrounds. A careful washing technique was 
also followed consisting of alternate submersion in ethanol and 
distilled water. The surface effervescence thus formed on the disc 
was enough to dislodge extraneous matter without damaging the foil. 
The disc was then soaked in A.R methanol before allowing to dry on 
clean filter paper. All specimens were subsequently stored in a 
vacuum desicator. 
2.5.2. T.E.M. Examination 
All transmission electron microscopy projects were conducted on a 
JEOL JEM-100CX machine fitted with a ASID 4D scanning attachment and 
Link system 860 for microanalysis. Normal transmission work used 
100 KV accelerating voltage with ,... 140 mA beam current. 
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Grain Boundary Precipitates 
The two forms of grain boundary precipitation found in alloys aged 
for commercial use are shown in figures 8.a and 9. Both are of 
M23C6, the former being discontinuous or cellular and the latter 
continuous or block precipitation. Description and measurement of 
both requires observation from at least one other direction so that 
the 3-D nature is defined. Figures 8.b and c. examplify the further 
information required so as to ~rrive at the true shapes. A two-
stage tilt specimen holder proved invaluable in this work, however, 
its geometry and accuracy needed to be established first. 
Specimen Rotation 
The holder shown in figure 10. is designed to tilt the specimen along 
two axes perpendicular to each other. The main axis along the stem 
of the holder is precisely aligned perpendicular to the electron beam 
and rotates in an accurategomometer. The secondary axis is rotated 
by the main stage away from the perpendicular position to the beam 
but is always at a set angle close to 900 to the stem axis. It is 
the goniometer movement about this second axis which must be checked. 
(N.B. Two specimen positions were available but for consistency only 
one was used for measurement). The ideal verification of angle 
reading was to rotate a position in a single crystal to exact beam 
directions given by diffraction patterns. The deviation of the angle 
between readings from the theoretical angle between the particular 
directions was a measure of the goniometric accuracy. A further 
measurement was required on the angle between the two rotation axes 
and their position relative to photographs taken in diffraction and 
imaging. Since Kichuchi lines are known to move in the direction of 
specimen tilt, axes could readily be identified on diffraction patterns. 
These could be translated onto images at various magnifications once 
the stem axis positions were determined by plotting the image movement 
When the holder was moved parallel to the stem axis. A diagram of 
the specimen holder is figure 10. which includes the geometry of 
diffraction pattern and image negatives. It will be observed that 
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measurements were made relative to the film holder and not the film 
edges because the holder position is physically aligned with the 
microscope. In all cases, subsequent calculations take into account 
the reverse negative image recorded from beneath the microscope's 
fluorescent screen image which is in correct relation to the specimen. 
It was found that the secondary axis was 60 removed from the 
perpendicular to the main axis. Taking this into account, the angles 
between the various tilts giving exact beam directions may be 
calculated by coordinate geometry using matrices and checked using 
stereographic projection. Initial determinations were made from 
locating exact beam directions in a particUlar grain and mapping by 
hand on stereographic projections (diameter of 300mm). The accuracies 
of angles when compared to those in table 12. were within: 1.50 • The 
degree of accuracy will be confirmed later in the graph of determined 
angles of mismatch across twin boundaries (graph 38). 
Precipitate Measurement 
Precipitate images were photographed from clockwise and counter-
clockwise rotations of both goniometer stages. A minimum 450 difference 
was aimed for and magnifications ranged from 20K to 33K according to 
the precipitate size. Examples of precipitation were recorded from 
every grain boundary laid available for imaging in the prepared foils 
until enough for a meaningful statistical analysis was achieved. At 
least 300 negatives were therefore taken for each sample. To eliminate 
the need for excessive printing with the accompanying inherent errors 
such as paper stretching and loss in definition, rigs for measurement 
directly from negatives were designed. These are pictured in figures 
12.a and 12.b and are for angle and size measurements respectively. 
Both incorporate alight box and the optional use of low power 
magnifying glass. Angles were measured to 0.1 0 with an adjustable 
set square which slides along a straight edge. Parallel to this edge 
was a stretched human hair to which the subject image was aligned and 
held in place during measurement by a clear plastic sandwich. The set 
square was then adjusted to give the angle of the film holder image to 
the edge and therefore the precipitate image. 
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Precipitate sizes were taken directly from a dial gauge connected 
to a parallel moving slider. This in turn was rigidly attached to 
a pointer which with its fixed counterpart allows a film negative 
to be held by a spring action to the base glass. The image was then 
manoeuvred to set the required distance between the two pointers so 
that the clock displayed the length, potentially to the nearest ~m. 
The following information was ~ecorded:-
Grain Boundary Identification Number 
Type of Precipitation - Block, Cellular, Mixed or None. 
Block: 
Average precipitate diameter along grain boundary 
Average precipitate depth into grains 
Cellular: 
Grain boundary length considered 
Allegiance - to one grain, both or none. 
Number of cells along grain boundary 
For each cell: 
Pinning mode at both ends:-
Not Pinned 
Pinned by similar cell 
Pinned by cell growing into other grain 
Pinned by particle 
Pinned by particle on triple point junction 
Cell continues onto another grain boundary 
Cell just stops at triple point 
Cannot be identified. 
For two directions: 
Width of cell along grain boundary 
Depth into grain 
Diameter of precipitate rods at growing interface 
Rotation about main axis 
Rotation about secondary axis 
Angle of precipitate growth direction ~ 
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The large amount of information obtained made computer storage a 
necessity. This allowed scope for true size de terminations and 
result layouts in convenient forms. 
2.5.3. Determination of True Precipitate Sizes 
True precipitate dimensions were determined by coordinate geometry. 
All precipitate directions were assigned coordinates in the image 
projections 
PAl 
PBI 
PCI 
= 
= 
Cos ( 13 I - 9(0 ) 
o 
= Sin ( 13 I - 9(0 ) 
and normal coordinates 
AI = Cos 13 1 
Br = 0 
Cl = Sin ~I 
N.B. These account for the negative inversion to the screen image. 
Where 13 is taken conventionally as the angle of image growth 
direction + 900 measured in a clockwise direction from the main axis 
as shown in figure 13. and the suffix I designates either the first 
or second precipitate image. The coordinates were then standardised 
by rotating to zero tilts about the two holder rotation axes. If 
the image was recorded with a tilt about the main axis of (X I( cw) then 
the coordinates must be adjusted by an opposite rotation according to 
New Coordinate A 
New Coordinate B 
New Coordinate C 
= 
= 
= 
Old coordinate A 
- Old coordinate B x Sin (X I 
Old coordinate C x Cos (X I 
Since the secondary holder axis was askew by 60 cw about the beam 
axis B to the reference coordinate axis C, the secondary axis tilt 
must be adjusted to zero following a 6°cw rotation about the beam axis 
B. Subsequently the coordinates must be returned to normal by a 6°ccw 
rotation about B. 
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New Coordinate A 
New Coordinate B 
New Coordinate C 
= 
= 
Old Coordinate A x Cos 60 - Old Coordinate C x Sin 60 
Old Coordinate B 
= Old Coordinate A x Sin 60 + Old Coordinate C x Cos 60 
(cw) . If secondary axis tilt was 1 I ,an Opposlte rotation was achieved 
by 
New Coordinate A = Old Coordinate A x Cos 1 I - Old Coordinate B x Sin 
New Coordinate B = Old Coordinate B x Cos 11 + Old Coordinate A x Sin 
New Coordinate C = Old Coordinate C 
Return to normal 
New Coordinate A = Old Coordinate A x Cos 60 + Old Coordinate C x Sin 60 
New Coordinate B = Old Coordinate B 
New Coordinate C = Old Coordinate C x Cos 60 - Old Coordinate A x Sin 60 
The true precipitate direction was obtained from the intersection of 
the two planes described by the resulting normals A1 B1 C1 and A2 B2 C2 -
PATRUE = B1- C2 - B2 - C1 
PBrRUE = C1- A2 C2- A1 
PCTRUE = A1- B2 A2 - B1 
The cosine of the angle, 81 between the true direction and the 
projected direction of the precipitage image was given by 
2 2 2 ~ 2 2 (PATRUE + PBTRUE + PB TRUE) _(PAl + PBI 
Cos eI = 
True depth of cell could then be obtained from 
True depth = Heasured depthI * Cos 8 I 
The true length of cell section along the grain boundary cut by the 
foil plane was determined by multiplying the measured length on an 
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image by the cosine of the angle separating the grain boundary 
image direction (i.e. the normal with coordinates cos ~r' 0, sin ~r) 
and the direction in the zero tilt position (resultant coordinates 
Ar, Br, Cr)· 
2 221 2 2 1 (Ar + Br + Cr )~.(Cos ~r + Sin Br)~ 
True length = Measured lengthr • (Cos ~r. Ar + Sin Pr· Cr ) 
Where measurements were taken from both images an average of the two 
corrected values was taken. 
The computer program utilising the above procedure is listed in 
appendix A1 and the accompanying flow diagram is given in figure A1.1. 
This program reads all grain boundary precipitate data for a particular 
specimen and outputs a series of 2-dimensional histograms graphs 24. 
to 30. of 
a. depth of cell vs. length of cell section 
b. precipitate growing diameter vs. length of cell section 
c. precipitate growing diameter vs. depth of cell 
These grids display the number of measured cases within ranges of 
dimensions which are condensed into the subsequent normal histograms 
graphs 31. to 33. Also calculated is the average volume of block 
precipitates and occurrence of pinning modes, see summary of data 
table T. 17. 
2.5.4. Determination of Grain Misorientations and Precipitate Directions 
rt was nece9sary to measure misorientation and precipitate directions 
along all grain boundaries made available for transmission imaging 
so as to achieve statistical consistency. A fast and easy recording 
technique was therefore developed which would apply to both thick 
and thin foil regions alike. This was based on determining the relation 
of (100) directions in the two grains immediately next to the 
boundary by coordinate geometry. The two stage tilt specimen holder 
was again used to observe the specimen in favourable positions. The 
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tilts necessary to induce diffraction along exact beam directions 
were recorded for each grain. These were then used to rotate the 
(100) grain axes defined by the respective diffraction patterns 
into a standard position i.e. that of zero specimen tilt. The grain 
misorientation could then be represented in the conventional method 
shown in the stereographic projection of figure 14. The 3 angles 
between the (100) directions in grains 'a' and tb' i.e. 8 , ~ and 
IJI uniquely define grain mismatch. A further two angles P and 
N define the normal N to the grain boundary plane. Since discontinuous 
·precipitates grow perpendicular to the grain boundary, these could 
also be employed to represent the precipitate growth directions which 
were determined in the same way as the previous section and referred 
to the calculated grain orientations. 
Exact diffracting conditions were located in thick foil regions by 
following Kikuchi maps and adjusting the specimen tilts to obtain a 
symmetrical diffraction pattern. Unless an unambiguous beam direction 
was found such as (100) or(110) , two diffraction patterns were 
recorded from both sides of the grain boundary. Two different images 
of the boundary precipitation were also taken. 
In thin foil regions, kikuchi lines were almost unidentifiable and 
physical bending of the foil was a hindrance to measurement. Figure 15. 
shows the 'rosette' detail caused in a foil image through the crystal 
curving through highly diffracting orientations. Normally diffraction 
patterns need to be taken from positions away from the grain boundary 
to prevent interference from the other grain and to allow sufficient 
scope for movement in tilting to an exact beam direction. Foil bending 
across a boundary would therefore cause error in the measured grain 
misorientation. Als·o, without kikuchi lines exact diffraction 
conditions are difficult to locate. The sequence of photographs in 
figures 16.a to e. show how this problem was overcome. The centre of 
each rosette identifies an exact beam direction within the crystal. 
An artefact on the grain boundary was selected and the specimen tilted 
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until a rosette straddled the boundary at that point, as figure 16.a. 
A diffraction pattern was then recorded from the rosette centre, 
figure 16.b. together with the specimen holder tilts. In this case, 
the <100> beam direction unambiguously defines the grain orientation 
in the cubic crystal. A rosette in the opposite grain was then 
brought to straddle the same point and the measurements repeated, figures 
16.c, d and e. Another direction needed to be recorded in this grain 
because the <222> pattern haq two possible sites for the required 
<100> directions (not shown). Only one subsequent measurement was 
then necessary which was the angle of each diffraction pattern relative 
to the main axis as indicated by ~ in figure 14. 
A complete recording sequence for a discontinuous precipitate is 
given in figures 17. a. to e. It will be observed that grain 
orientation can be measured right at the tip of deep cells and that 
only the diffraction spots are of interest. These do not move out of 
position when recorded just outside the rosette centre. 
Computer Calculation of Grain Misorientation 
The computer program is listed in appendix 2. and the flow diagram 
given in figure A.2.1. The sequence of operations is as follows: 
1) The data for the first diffraction pattern in the precipitate 
related grain is read from card input. 
2) According to the type of diffraction pattern identified from 
the diagrams in figure 18., 'assign coordinates of each <100> 
direction with R equivalent to the C-axis of the specimen. Actual 
coordinates used for each pattern are given within the program 
listing and an example of the three-dimensional configuration is 
shown in figure 19. 
3) Rotate the coordinates about the beam axis, B, to account for 
angle of the diffraction pattern from the C-axis ( PDP in figure 10.) 
This must be in the opposite sense due to the inversion of the 
negative relative to the screen image. 
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New Coordinate A = Old Coordinate A x Cos ~DP - Old Coordinate C x Sin ~DP 
New Coordinate B = Old Coordinate B 
New Coordinate C = Old Coordinate A x Sin ~DP + Old Coordinate C x Cos ~DP 
4) Rotate coordinates back to zero tilt about main axis A i.e. 
For tilt N DP (cw) 
New Coordinate A = Old Coordinate A 
New Coordinate B = Old Coordinate B x Cos IX DP- Old Coordinate C x Sin a DP 
New Coordinate C = Old Coordinate C x Cos IXDP+ Old Coordinate B x Sin D( DP 
5) Adjust coordinates 60 cw about B so that the secondary axis 
o tilt, 'DP (cw) can be returned to zero. Then return by 6 ccw 
about B to normal. 
New Coordinate A = Old Coordinate A x Cos 60 - Old Coordinate C x Sin 60 
New Coordinate B = Old Coordinate B 
New Coordinate C = Old Coordinate C x Cos 60 + Old Coordinate A x Sin 60 
New Coordinate A = Old Coordinate A x Cos ~DP- Old Coordinate B x Sin I DP 
New Coordinate B = Old Coordinate B x Cos IDP+ Old Coordinate A x Sin IDP 
New Coordinate C = Old Coordinate C 
New Coordinate A = Old Coordinate A x Cos 60 + Old Coordinate C x Sin 60 
New Coordinate B = Old Coordinate B 
New Coordinate C = Old Coordinate C x Cos 60 - Old Coordinate A x Sin 60 
6) If the diffraction pattern is ambiguous repeat procedures 1 to 
5 for a second pattern. Select the six matching <100> directions 
and take an average of slight differences from measurement. (A 
safety system is incorporated here to throw out non compatible 
patterns for resubmission). 
7) Repeat procedures 1 to 6 for the grain not related by orientation 
to the precipitation. 
8) Determine angles 8, ~ and \jJ by changing all < 100 > coordinates 
so that the <100> directions of the first grain become the 
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coordinate axes A, B and C as displayed in the stereograph of 
figure 14. This is done by rotating first about the A axis and 
then the C axis to position one of the first grains (100) 
directions along the B axis. A simple rotation about the B axis 
then brings the other (100) directions into line with the A and 
C axes. Considering the resultant coordinates of the second 
grain (b) in the positions of figure 14:-
2 2 (Coord.A010) + (Coord.C010) Tan 8 = 
Tan cp = 
Psi is obtained by rotating by (900 - 9) about the normal to the 
plane containing the designated [010] b and [001] a 
that [010] b lies on the base circle. Then 
Tan l!l = 
(Coord.A'001)2 + (Coord.C'OO1)2 
(Coord.B'001) 
directions so 
9) Finally precipitate data is read and true precipitate growth 
directions found similar to the procedure outlined in the previous 
section 2.5.3. These are then rotated in the same way as the 
coordinates in part 8 to make them compatible with· the grain 
orientations of figure 14. Simple calculations give the defining 
angles P and IX of a direction N. 
An example ~nput and output for the program is included at the end 
of the listing. It will be noted that the precipitate grain alignment 
is documented as 1 for.the first and 3 for the second grain. This was 
used when the stored output data was recalled to draw standard triangles 
of growth directions in the orientated and non-orientated grains. The 
three groups of output coordinates represent -
a) Those standardised from the matching <100) directions 
determined from diffraction patterns 5663 and 5665 of grain 1. 
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b) Those standardised from the unambiguous (100) diffraction 
pattern of grain 2. 
c) The <100> coordinates of grain 2 referred to the coordinate 
axes of the grain 1 (100) directions. The remaining output 
is self explanatory. 
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Chapter 3 
EFFECTS OF SOLUTION HEAT TREATMENT 
This chapter sets out to identify the carbide phases present in 
Nimonic '80A subsequent to solution heat treatment. These are 
quantified by means of weighed extraction and X-ray diffraction data. 
The solubility constants gover~ing the two carbides M7C3 and M23C6 
could then be established which will be found invaluable when 
considering the kinetics'of dissolution and precipitation in later 
work. The distribution of phases as a system of particles is also 
assessed together with the effects on grain growth by localised 
pinning. Finally, estimations of true particle size distributions 
are drawn from sectional measurement and computer correction. 
3.1.1. QUalitative Analysis 
Determinations from the phase extraction and X-ray diffraction of 
the 'preliminary' solution treated samples are displayed in tables 
T.5 and T.7 to T.10. The diffraction data for the recognised phases 
are also reproduced from the ASTM index 2. in table T.6. The 
following observations can be made: 
a) The initial extruded and hot rolled material had three major 
carbide phases present which were Ti(C,N), M7C3 and M23C6 where 
M is Chromium except for possible traces of similar elements 
such as Fe and Ni. 
b) 8 hours at 10So°C and above completely removed all M23C6 
initiaily present in the alloy. A small amount of M23C6 remained 
after 2 hours at 1100oC. 
c) 6 hours at 11800 c and above completely removed both Chromium 
carbides, M23C6 and M6C3 • A small amount of M7C3 still existed 
after 2 hours at 1180 C. 
d) ~C3 transforms to M23C6 during anneals at temperatures below 
at least 1020oC. This is indicated by the reduction in relative 
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diffracted intensity of M7C3 from the initial stock to the 
sample annealed for 3 hours at 10100 C and finally to the sample 
annealed for 8 hours at 10100 C which is void of M7C3• This 
corresponds to a relative increase in M23C6 and an increase in 
total extracted carbide weight. An increase in weight is to be 
expected in the transformation since Carbon is being transferred 
to a lower Carbon bearing carbide which binds 5~~ more of the 
elements M. The transformation is known to occur at temperatures 
. 
as low as 7000 C since a 2500 hour anneal of the initial stock at 
that temperature similarly removed all M7C3 from the structure. 
e) The opposite transformation of M23C6 to M7C3 occurs during o 0 
anneals above a temperature between 1060 C and 1090 C. A treatment 
of 6.5 hours at 10200 C removed all M7C3 initially present in the 
material. Subsequent 2 hour anneals then revealed that M7C3 
encroached back into the structure at increasing rates as the 
temperature was increased. 
f) The diffraction associated with Ti (C,N) without exception 
consisted of two adjacent peaks within the range expected of 
Ti C to Ti N • This suggests precipitation under two different 
conditions resulting in a variation in composition of Carbon and 
Nitrogen and therefore in lattice parameter which is detectable 
in diffraction. 
(Appendix 3. shows Titanium to be of stoictriometric composition). 
Also, during heat treatment at higher temperatures and longer 
times, there was an increase in ratio of Carbon to Nitrogen rich 
Ti(C,N) diffraction intensities accompanied by an increase in 
weight.of the combined Ti(C,N) phase. An example shown in graph 12. 
is the sample annealed at 12200 C for 6 hours which has almost 
twice the ratio and contains more carbide than the sample annealed 
at 1180°c. This implies further precipitation of the carbon rich 
Ti(C,N) during a period when the carbon contained in the matrix 
had been dramatically increased by dissolution of the Chromium 
carbides and the normally sluggish diffusing titanium was more 
mobile. A further inference would be that Nitrogen rich Ti(C,N) 
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precipitated when the alloy was in a molten state where there 
was easy access to an abundant Nitrogen atmosphere. 
3.1.2. Quantitative Analysis 
Proportions of phases in the multiphase powders extracted from the 
various 'stages of heat treatment of the alloy were determined using 
an internal standard method. Fortunately, proximate samples contain 
similar proportions of the highly stable Ti(C,N) Nitrogen rich phase • 
. 
This provides an inherent standard by which a comparison of relative 
intensities of diffraction can be made. 
The exact expression for the diffracted intensity of a phase a in 
a mixture is well established and may be found fully documented by 
Cullity (1956). 
la = 
where 
I 
r 
e 
m 
V 
F 
P 
o 
e 
4 2 2 -2m I .e }..3 A 1 
IF/ 
1 + cos 20 e 
0 
2 
m c 
-2m 
2 V2 
.p. 
sin20.cos 0 32.7r.r 2J.Lm 
...... 3 (i) 
= Integrated Intensity per unit length diffraction line 
( -1 -1) J.sec .m 
-1 -1) 
= Intensity Incident beam (J.sec .m 
= Cross-sectional area incident beam (m2) 
= Wavelength of incident beam (m) 
= Radius of diffractometer circle (m) 
= charge on electron 
= Mass of electron (kg) 
="Volume unit cell (m3) 
= Structure Factor 
= Multiplying Factor 
= Bragg angle 
= Temperature factor 
.C a 
(m- 1) = Linear absorption coefficient in Absorption Factor 
1 
2p. 
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After combining constants this reduces to 
= •••••• 3 (ii) 
In this particular case, the two Chromium carbides M23C6 and M7C3 
can be standardised to the Ti(C,N) using those samples where each 
Chromium carbide exists by itself with Ti(C,N). Thus if the 
proportion of Ti(C,N) - Nitrog~n rich is known, the proportions of 
carbide mixtures may be found as follows. 
For particular line intensities of ~C3 and Ti(C,N) 
= 
•••••• 3 (iii) 
= 
Dividing 
= •••••• 3.(iv) 
~i(c,N) 
The unknown quantity~m is therefore eliminated and a single 
standardising constant k3 is created. The volume fraction of each 
phase may be converted to weight fractions,denoted w, by dividing 
by the respective densities P to give yet another constant. 
i.e. = 
w 
Ti(C,N) 
...... 3. (v) 
w 
Ti(C,N) 
Evaluation of this constant k4 for both M7C3 and M23C6 allows the 
determination of proportions in mixtures of the two with Ti(C,N). 
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Ti(C,N) Assessment 
The X-ray diffraction result - tables T.7 to T.10 show consistent 
peaking of Ti(C,N) intensities of {111} planes around Bragg 
angles 18:130 and 18.350 • From Bragg's Law, 
X' = 2 dhkl. Sin 8 •••••• 3. (vi) 
where X - wavelength Cu klX radiation 
8 - Bragg angle 
dhkl Interplanar spacing hkl planes 
o . 0 
the interplanar spacings were found to be 2.475A and 2.446A compared 
o 0 
to reported values for Ti C and Ti N of 2.508A and 2.44A respectively. 
(Cadoff and Neilson, 1953, Beattle and Versnyder, 1953). Assuming a 
stoichiometric interplanar spacing and the Carbon:Nitrogen composition, 
the two parts of the Ti(C,N) phase consist of 91.2% and 48.~/o Nitrogen. 
Graph G.11 reproduced from table T.8 points to a pre solution treatment 
ratio of these parts in the alloy as approximately 3:5 Carbon to 
Nitrogen rich. 
The small quantities obtained by phase extraction made the direct 
determination of weight percent of Ti(C,N) phase alone in the alloy 
undependable. For this reason, some of the multiphase extracted powders 
were subjected to an elemental analysis as previously described and 
the results are shown in table T.11.b. It is accepted that normally 
spurious results would be obtained from such an analysis on an 
unpolished, non-continuous surface because of the wide variety of 
incident angles produced. However, due to the fineness of powder 
and the similarity of the elements in question (Cr A.N. = 26, Ti AN = 24) 
it may be assumed that non-normal effects and deviance either cancel 
out or are the same for each element. Since all that is required is 
a proportion of the two elements and therefore of the two phases 
present, this method is justified and confidence limits are expected 
to be :!: %. 
The weight ratios of the Chromium carbides to the Titanium carbides 
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necessary to isolate the diffraction constants were determined in 
the following way:-
Powder 1. - M23C6 + Ti(C,N) 
(Total extracted weight = 1.04~~) 
Proportion of M in powder = 75.11 + 5.17 = 80.3 w~~ 
M is combined with Carbon to the weight ratio AWCr x 23: AWC x 6 
AWCr x 23 + AWC x 6 
= x 80.% Total proportion of M23C6 phase 
Proportion of Ti in powder = 13.62 w~~ 
Ratio of C: N-rich Ti(C,N) = 0.615:1. 
Fraction C-rich Ti(C,N) = 0.38 
Fraction of C in the (C ,N) = 0.515 
Fraction of N in the (C,N) = 0.485 
Fraction N-rich Ti(C,N) = 0.62 
Fraction of C in the (C ,N) = 0.088 
Fraction of N in the (C,N) = 0.912 
Overall Atomic Weight of the (C,N) 
AWCr x 23 
= [AWC x Overall fraction of C in (C ,N) ] + 
[AWN. x Overall fraction of N in (C,N)] 
= 12 x [0.38 x 0.515 + 0.62 x 0.088] + 14 x [0.38xO.485+O.62xO.912] 
= 3.003 + 10.496 
= 13.50 
Total proportion of Ti(C,N) phase 
= 
AWTi + AW(C,N) 
AWTi 
= 17.45w~~ 
x 13.62 w~~ 
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proportion of Nitrogen rich Ti(C,N) 1 = 17.45 x 
..,-( -1 -+-0-. 6,-1-5 .... ) 
= 10.&;b 
Powder 1. consists of 85.13 w~;b M23C6 + 10.&;b N-rich Ti(C,N) 
+ 6.6~ C-rich Ti(C,N). 
The total is 102.&;b which is a good indication of the validity of 
the method. 
Similarly for Powder 2. it was found 
Wt. of M7C3 in powder was 69.48% 
Wt. of N-rich Ti(C,N) was 17.1&;b 
and Wt. of C-rich Ti(C,N) was 10.6~ 
Again the total proportions are close to 1ory;b i.e. 97.2&;b. The third 
powder gave an inexplicably low 5~ total proportion (wandering of 
beam for the final analysis perhaps). Nevertheless, of the elements 
of interest, only Titanium with a little chromium was detected. The 
small amount of chromium present may be attributed to a slight M23C6 
precipitation which is just revealed by the diffraction data. This 
probably precipitated out during the water quench since the higher 
initial temperature causes a slower cool through the precipitation 
range. It is important to note that magnesium was not significantly 
present ·in any of the powders analysed. Magnesia is shown to be 
associated with the titanium carbonitrides, Appendix 3, and although 
it is known to dissolve easily in the 1~;b HCL/Methanol electrolyte 
used, its similar diffraction characteristics to TiN makes 
confirmation of its absence essential. 
Diffracted Intensity/Weight Constants 
Thus in the 10200 C for 6.5 hours + 2 hours @ 1060°c sample 
Wt. Ratio of M23C6 to N-rich Ti(C,N) is 85.13: (17.45/1.615). 
This corresponds to a ratio of diffracted integrated intensities for 
the (420) planes of M23C6 and (111) planes for N-rich Ti(C,N) of 
0.247:0.109. 
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K(420) 420 W IM23c6 Ti(C,N) - N rich Therefore = x M23C6 
111 
INi{c,N) -N W rich M23C6 
= 
0.247 
x 
17.45 
0.109 85.13 x 1.615 
= 0.288 
Similarly for the 2 hours @ 11400 C sample 
\vt. ratio M7C3 to N-rich Ti(C,N) is 69.48: (27.48/1.618) 
This corresponds to a ratio of diffracted intensities for the (411) 
planes for M7C3 and (111) for N-rich Ti(C,N) of 0.304:0.266. 
I~1~ WTi(C,N)-Ni Rich 
7 3 x Therefore = 
111 
ITi{c,N)-N rich 
= 
0.304 
x 
0.266 69.48 x 1.618 
= 0.279 
Also for 
M23C6(422) against Ti(C,N)(111) N-rich, K = 0.355 
and 
M7C3 (431) against Ti(C,N)(111) N-rich, K = 0.207 
Error in Constant, u k = 
U 2 + 
ITi{C,N) 
u 2 
Weight Ratio 
\'lhere u = Error in Integrated Intensity of diffraction of the Iphase phase 
U 
= Error in Ratio of wts. calculated in previous section WtRatio by analysis. 
The diffraction peaks used, were chosen under the conditions that they 
should be isolated and also give a high enough intensity to keep 
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measurement errors to a minimum. This restricts the usable peaks 
to two for each chromium carbide and only one for the Titanium 
carbonitrides. Reference to the peaks recorded from the Diffraction 
File Index (1979) and the greatly condensed map of intensity of 
diffraction with detector angle (29) in powder extracted from 'as 
received' stock, figure 7. indicates these to be (420) and (422) 
for M23C6' (411) and (431) for M7C3 and (111) for Ti(C,N). 
The proportions of each phase may now be calculated using the general 
equation below 
(Total Weight of 
Weight Phase = Extracted Carbide) x 
(Ratio of Phase Weight 
to weight of Ti(C,N)-N rich) 
(Sum of Wt. ratios of the 4 phases 
relative to Ti(C,N) - N rich) 
3. (vii) 
For example, 
Note that due to the high dependance of diffraction on structure 
(equation 3.(i)) and the similarity in atomic number of nitrogen and 
carbon, the very similar carbon and nitrogen rich components of the 
Ti(C,N) phase will give identical intensities of diffraction. 
Consequently the K-factor utilised in the equation above will be unity 
and the difference in recorded intensities will come from the difference 
in weight proportions alone. In the case of nitrogen rich Ti(C,N), 
the intensity of diffraction ratio with itself will also be unity, as 
represented in the denominator of the equation. 
The determinations are shown in table T.13. and graphical accounts are 
displayed in G.12 to G.17. The errors in weight % of each phase were 
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calculated from 
where 
o phase = ~ a ~otal + a 2 I-Phase 0 2 + . I-Ti(C,N) + 0 2 K-Phase 
o Phase = Error in wt. % of Phase 
°Total = Error in measured weight of total extract 
aI-Phase = Error in Integrated Intensity of diffraction of the 
I phase 
o I-Ti(C,N)= Error in Integrated Intensity of diffraction of Ti(C,N) 
Since in most cases only two determinations of weight of extracted 
phase were made for each specimen, individual standard errors could 
not be used. A similar experiment by Lai and Meshkat, 1978, however 
found that weights of residue obtained were reproducible to within 
~O.06 w~fo at the O.5w~fo level. The results in this study were well 
within these confines and so this value was assumed. 
The estimated error in Integrated intensity of diffraction was ~5%. 
The errors calculated from above are displayed on the respective 
graphs where the errors around the O.~fo total wt. level are generally 
~1~fo on each phase and at the 1.~~ total wt. level about ~1Y~. 
3.1.3. Determination of the Thermodynamic Data governing the 
Solubility of the Chromium Carbides 
During dissolution the following reaction occurs for MACB 
•••••• 3. (viii) 
Law of mass action gives the equilibrium constant as 
A· 
(am) IB (a
c
) 
•••••• 3. (ix) 
where am, ac and ~A/Bc are the activity of the solute, carbon and 
carbide respectively. 
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Vantt Hoff isochore - AGO = R.T.ln Kp = - A H + T AS 
•••••• 3. (x) 
where A H is the heat of solution and A S the entropy connected 
term. Assuming the activities of carbon and solute are equivalent 
to concentration (atomic fraction) and the activity of carbide is 
unity then 
= exp. (- A H + C ) , 
R.T 
•••••• 3. (xi) 
where C = The two terms A H and C therefore govern the 
sclubility of the carbide in the matrix and may be determined by the 
equilibrium concentrations found at different temperatures. 
It is known that dissolution is a rapid process for Chromium carbides 
in Nimonic 80A (see graph 5.) and is long complete after 2 hours at 
the dissolving temperature. What is required is the matrix 
concentrations of the quenched in structures following this solution 
treatment. These may be found by subtracting the material bound in 
the undissolved phases from the analysis of the complete alloy. 
A system with a number of carbide phases is never strictly at 
equilibrium because each has a slightly different equilibrium balance 
of concentrations. Therefore, diffusivity permitting, there will be 
a slow dissolution and reprecipitation between the phases. The slight 
difference in matrix composition which results must be considered 
before determining the solubility data of the phase. 
The range of dissolution temperatures to be used for the determination 
of solubility data Ior M7C3 is from 1100
0 C to 11800 c and includes 
temperatures where Ti(C,N) precipitation was significant. Carbon 
diffusion (x 104 faster than Cr) at such temperatures is extremely 
rapid and the Carbon concentration may therefore be taken as uniform 
throughout the matrix. Also the small number of very large titanium 
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carboni tride particles (average ,.., 1.5 I.l m) widely spread through the 
matrix would be too scattered to appreciably affect the general 
carbon content over the relatively short ageing times used. The 
M7C3 would therefore be expected to dictate the Carbon concentration 
of the matrix and this will be assumed in the following calculations. 
Weight of Ti in C-rich Ti(C,N) = 
= 
= 
Weight of C in C-rich Ti(C,N) = 
vleigh t of Ti in N-rich TiC c, N) = 
= 
= 
Weight of C in N-rich Ti(C,N) = 
( Fraction) (AW Fraction) AWTi+ AWC x of C + N x of N 
48 
78.7% 
10.2% 
( Fraction) (AW Fraction) AWTi + AWC x of C + NX of N 
48 
48 + (12 x 8.&fo) + (14 x 91.2%) 
77.ff!o 
1.71% 
Iron is rep?rted by Goldschmidt, 1948, to be capable of replacing 
Chromium in Chromium Carbides and even though this was not substantiated 
in the powder analysis their roles in the matrix must be assumed 
similar. As such the two elements will be combined to give an 
effective solute M concentration. The effect on the above calculation 
of weight %M in M7C3 will be negligible due to the similarity of the 
two atoms. 
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Atomic %M in a sample is given by 
W Cr - x 
WCr - x wFe 
+ 
WTi - z wAl W Fe 
---- + +-- + + 
AWTi AWAl 
where x = Weight % Cr in precipitates 
z = Weight % Ti in precipitates 
y = Weight % C in precipitates 
Unmentioned trace elements attributed to Ni. 
Atomic %C may be found in the same way. 
+ 
w - y 
+.....;;c __ 
AW 
c 
Substituting for the percentage weight of each element given in the 
laboratory analysis, welement and for the respective atomic weight 
AWelement, 
20.2 
- x 1.33 
Atomic %M + 
= 52 55.9 in matrix 
20.2 
- x 2.33 - z 1.4 1.33 0.36 74.315 .065-y 
+ + +--+-- + + --
52 47.9 27 55.9 28 
Further determinations are tabulated in T.14.b where 
x = (Wt.% H7C3) x 0.91 
y = (Wt.% N-rich Ti(C,N) x 0.017) + (Wt.% C-rich Ti(C,N) 
+ (Wt.% M7C3 x 0.09) 
z = (Wt.% N-rich Ti(C,N) x 0.776) + (Wt.% C-rich Ti(C,N) 
CM = Atomic Fraction of M in matrix 
Cc = Atomic Fraction of C in matrix 
Applying the method of 'least squares fit' to graph G.18 the 
solubili ty constants for M7C3 were found to be A H = 42970 and 
58.71 
x 0.102) 
x 0.787) 
C = 5.16 with a standard error of AH of 17000 and an error (residual) 
variance of 0.08. 
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12 
To investigate the kinetics of M23C6 solubility, samples were soaked 
for 6.5 hours at 10200 C to convert all the M7C3 initially present 
to M23C6 • Subsequent dissolution treatment was hoped to produce a 
series of proportions of M23C6 in equilibrium with the alloy matrix at 
varying temperatures. Unfortunately M7C3 was able to reprecipitate 
at the expense of M23C6 at the higher temperatures used. A conclusive 
determination of the solubility constants of M23C6 was therefore not 
possible but a close estimation can be reasoned from the available 
information. 
A graph G.19 of ln [~23/6.cc ] Vs. 1/RT may be plotted using a 
similar method to that for M7C3 • The table of calculations are shown 
in T.14.a and a number of observations have to be noted. First, the 
samples solution treated at 10200 C and 10600 c have a large amount of 
M23C6 present which causes a low Carbon matrix concentration and 
therefore a large error margin when represented on a logarithmic graph. 
Secondly, the samples treated at the higher temperatures must show 
a lower value of ln [~23/6.Cc] than expected for M23C6 equilibrium. 
This is due to the precipitating phase M7C3 reducing the matrix carbon 
content below that trying to be attained by the M23C6 phase. Since 
the 109QoC treated sample has very little M7C3 precipitation over 2 
hours «5%), the matrix carbon will be dominated almost completely 
by the M23C6 phase equilibrium. Conversely, the 11300 C sample has 
heavy M7C3 precipitation and the matrix will be expected to have a 
condition somewhere between the equilibrium states of the two phases 
at that temperature. 
To account for M7C3 precipitation, the two chromium carbides may be 
assumed to exert a proportional influence over the matrix carbon 
concentration. The thermodynamic data necessary has been calculated 
for M7C3 and so of the 0.123 atomic percent Carbon determined to be 
in the matrix of the 11300 C solution treated sample the M7C3 
contribution is 
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1 
0.262 =-~;:;...;.,.;~--
0.262 + 0.149 
= 0.07147 
• exp. ( 
-42970 
R.T 
+ 5.16 ) 
1 (-42970 5 16) • exp + • 
• 226957/3 1.987x1403 
This leaves a M23C6 contribution of 0.05156 at %C 
A complete M23C6 equilibrium concentration would be 
0.05156 x 
Proportion M23C6 + H7C3 
Proportion of M23C6 
= 0.14222 
The solubility constants of M23C6 determined from graph G.19 are 
A R = +58000 and C = 8.4 so 
•••••• 3. (xiii) 
Accuracy of Determined Solubility Constants 
The error bars represented on graph 18 were calculated from variations in 
the determined phase proportions. The only other major source of error 
is the accuracy of the carbon analysis given as 0.065 wt.% to the 
nearest 0.005 wt/o. (Analysis from a well established Carbon Train). 
This was purposely treated separately because the high diffusivity of 
Carbon would result in very little Carbon segregation especially in 
adjacent sections of material. The analysis error would therefore 
affect all specimens in a similar way and a constant overall Carbon 
level may be assumed. 
When considering the M7C3 solubility, this 7.~~ variation in Carbon 
would only affect the constant C in the equation 
- A RIRI' + C ...... 3. (xiv) 
by 0.08. This modifies the given errors of constants to A R = 43000 
: 17000 and C = 5.16 : 0.11. The determined value of C is accurate 
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because the equilibrium matrix Carbon levels were relatively high 
so that variations in Carbon did not have an appreciable effect. 
The error in 6 H is more significant due to the small temperature 
range over which solubility determinations were possible. The error 
is unnaturally high however since the part-error attributable to the 
diffracted intensity to weight ratios would equally affect each 
determination and would therefore be manifest in the constant C rather 
than in the slope of the curve" 6 H. 
Although the precipitation of M7C3 could be accounted for, the 
solubility constants for M23C6 were still susceptible to large errors 
because of the low matrix carbon levels involved. The problem arises 
with the determinations from the samples treated at lower temperatures 
where the margins of error stretch down to the zero matrix content of 
Carbon. It will be noted that the deviation of Carbon from the 
analysis shown in table T.14.a does not alter the situation appreciably. 
The results are important nevertheless since limits are set for the 
acceptable values of M23C6 solubility constants in Nimonic BOA. 
The nearest reported values for the solubility of M23C6 were given 
by Deighton, 1970, for a type 316 stainless steel. Where M was 
probably Fe, Cr and Mo in the 16.o/~ Cr 14% Ni and 2.7~ Mo steel over 
o the range 50 - 2000 pp!! C and 750 to.1100 C, the defining equation was 
log [c ppmJ = 7·771 
This may be" converted to the more useful form involving Solute M and 
atomic rather that weight fractions by:-
= 
-6272 
T 
where Wc = Weight fraction of C 
+ 1.771 
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'- ~-. 
Cc' Atom Fraction C = 
Wc/ A.W. c 
L: [WElement ]" 
AWElement 
4.64. Wc 
log10 [4.64] = 
Wc rlAWCr 
-6272 
T 
CCr' Atom Fraction of Cr = 
L:[WElemeni] 
AWCr J 
10g10 
[ 23/6 
Cc] = 
-6272 2.438 CCr • + 
T 
= 
-6272 0.407 
T 
In [ccr 
23/6 
Cc ] -28700 0.94 . = -
R.T 
+ 1.771 
= 0.1811 
+ log10 [ 2
3/6J CCr 
Graph 19. compares the determined solubility relationship with 
temperature of M23C6 in Nimonic 80A to the equivalent data for type 
316 stainless Steel. The error margins include all significant 
deviations but still matrix concentrations in Nimonic BoA are well 
below that of the steel. This casts doubt on the validity of using 
Deighton's data for precipitation kinetics in nickel based alloys 
which haS been used in the past (Caisley and Faulkner, 1976). The 
discrepancy may be due to Deighton's determination of solubility 
being based on metallographic observations of phase proportion and not 
on the quantitative volume assessment made here. Estimations of minor 
phase proportions from sections are notoriously inaccurate (Ashby 
and Ebeling, 1966). 
A comparison of the solubilities of M23C6 and M7C3 is made in graph 
G.20. In the range of expected M concentrations, 0.22 to 0.23 atomic 
fraction, a region of equal stability is recorded between 1075 and 
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1125°C (shaded). Experimental results show, however, that M23C6 
dissolves first and when it is the sole chromium carbide present, 
it transforms gradually to M7C3• This is attributed to the coherency 
of the M23C6 interface with the matrix which permits easy transfer 
of M atoms across it. The hexagonal M7C3 phase stability was assessed 
in a recrystallised matrix and was therefore unfavourably situated. 
A certain amount of interface control may possibly be involved in 
dissolution and in precipitation, selected sites such as at dislocations 
and boundaries would lower its energy of formation. 
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3.2.1. Phase and Grain Boundary Distributions 
The distribution of Carbide particles and the associated grain boundary 
lengths across sections of the alloy given various stages of solution 
heat treatment are listed in table T.4. The standard deviation shown 
is from measurement error only and does not include the spread of 
initial 'particle distributions between particular samples. Graphs 
G.5 and G.6 display the results on a log scale against time of 
solution treatment. 
Important observations include:-
1) Particle dissolution is rapid, the majority being completed 
within 30 minutes at 10800 c and above. 
2) Grain growth is directly associated with the removal of 
particles from the alloy. 
3) Dissolution becomes either very slow or non existent 
following the first 30 minutes. 
More detailed inferences are limited by the lack of statistical 
backing and material consistency over a small scale. Important 
information is nevertheless available from the metallographic survey 
simultaneously carried out with the above work. In particular, the 
effect of second phase particles on grain growth was discovered to 
follow three distinct patterns. These are largely dependent upon the 
particle size and phase distribution. 
The initial stock of extruded and hot rolled bar was found to contain 
an even numerical distribution of particles and also of grain sizes, 
as shown by figure 20. and the narrow spread of measurements in table 
T.4. A consideration of the processing history confirms that the 
same cannot be true of phase and particle sizes. Monocarbides were 
initiated in the melt and therefore grew large and regular sided 
before being frozen into the structure at the final solidification 
places. Prior working dispersed the phase to a great extent though 
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strings or groups of particles were sometimes observed. Further 
precipitation could also take place from the solid alloy state 
either on existing particles or in nucleating smaller particles. The 
t\'/o chromium carbides were precipitated from the melt though in two 
different temperature regimes and therefore at separate stages during 
hot deformation. The result would be preferential regions of 
occupation by M23C6 and M7C3 particles. Also the sizes of each would 
differ according to the nucleating temperature and site. 
Dissolution can favour a particUlar phase and consumes smaller 
particles first thus leaving areas of the structure with a lower 
particle density. This leads to the first of the three grain 
structures observed after solution treatment:-
1) Very large grains in an otherwise fine grain structure. This 
condition was occasionally found in samples treated at the lower 
temperatures notably 1010 and 10500 C where the evidence from the 
previous section shows that little if any dissolution occurs. Particles 
were removed from the structure by a transformation of M7C3 to M23C6 
at 10100 C and the slight dissolution and/or coarsening to remove the 
numerous small particles initially present at 1050oC. An example is 
shown in figure 21. where it can be seen that the large grain has 
grown regardless of the restriction by second phase particles 
experienced by the small grains around. This appears to follow the 
conditions set down by Hillert, 1965, for "Abnormal Grain Growth" 
where normal grain growth is limited by second phase particles, the 
average grain size is below a limit 1/2Z (Z dependent upon the number 
and sizes of the second phase particles) and there is at least one 
grain much larger than the average. The latter could be promoted by 
the localised preferential removal of particles allowing one grain 
greater freedom of growth. 
2) The temperature range 10800 c upwards produced a structure void 
of M23C6 particles leaving constraint of grain growth to the remaining 
M7C3 and the few Ti(C,N) particles present. Figures 22.a and b show 
that exaggerated grain growth did not occur but separate regions of 
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small and large grains could be identified. More significantly, 
the longitudinal section figure 22.c reveals that these extend into 
bands of large and small grains along the direction of past working. 
Clearly the M7C3 particles are more prolific in the small grain band 
which infers that M23C6 mainly occupied the large grain band. 
As the solution treatment temperature was raised the bands of small 
grains became less prominent due to the dissolution of more and more 
M7C3 particles until the third grain structure was reached. 
3) Large equi axed grains were observed in all samples heat 
treated at 11500 C and above. Grain growth was normal and opposed 
only by resilient M7C3 and the stable Ti(C,N) particles fairly evenly 
scattered throughout the material. An example is shown in figure 23. 
The extent of grain growth increased with temperature as the last of 
the M7C3 disappeared and the grain boundaries became more able to 
surpass the particle containment. 
Finally grain boundary melting occurred in the sample treated at 
12500 C which ceased grain growth and produced a fine pattern of 
M23C6 platelets on solidification figure 24. 
3.2.2. Particle Size Distributions 
The distribution of particle diameters were measured in sections of 
three alloy conditions:-
a) Chromium Carbides in the initial as extruded and hot rolled 
stock (M23C6 + M7C3) 
b) Chromium Carbides in the sample solution treated at 108ooc 
for 8 hours (M7C3) 
c) Titanium Carbonitrides in a sample solution treated at 11800 c 
for 6 hours (Ti(C,N). 
The histograms are presented in graphs G.3 and G.4. The measurement 
of particle diameters in a section of an opaque matrix includes 
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exactly half the total number of particles counted displaying their 
true dimensions i.e. those with their centres above the plane of 
section, figure 25.a. The remainder have the same actual size 
distribution but are obscured to some extent by the matrix covering 
their surface i.e. those with centres below the plane of section, 
figure 25.b. It may be assumed that for each range of true particle 
diameter the extent of obscuring by the matrix is spread according to 
even sectioning through the particle, figure 25.c. Following this 
reasoning a computer program was compiled to extract the true size 
distribution of particles intersecting a planar section. The method 
was to gradually increase the mean particle size from the measured 
value and for each graduation decrease by increments the measured 
standard deviation. NB. The effect of partial obscurity of half the 
particles would be to reduce the actual particle mean and to increase 
the spread of sizes. For each stage an 'expected' distribution in 
an opaque surface was calculated assuming the true sizes to be 
normally distributed. The mean size and standard deviation was 
recorded for the 'expected' distribution giving the closest fit to 
the measured surface distribution. The flow diagram for the program 
is given with a listing and output in appendix 4. 
The above procedure reduces the measured distribution from that of 
an opaque matrix section to that obtained from a transparent matrix 
section assuming all totally covered particles were absent. The 
situation is identical to extraction replication as used in 
transmission electron microscopy. The true volume distributions can 
therefore be calculated from the formulae developed by Ashby and 
Ebeling, 1966. 
Nv 1 { + G:) 2 } = 1 Ns Xs 
where 
Nv = Number of particles per unit volume 
Ns = Number of particles per unit area of plane section 
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= 
= 
-Xy 
C1 
v 
C1v 
= 
= 
= 
Arithmetic mean of particles intersecting the plane section 
Standard deviation from this mean . 
Arithmetic mean diameter of volume distribution 
Standard deviation of volume distribution 
= 
T.15 is a table of corrected values. 
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3.3. SUMMARY 
1. Three secondary phases are initially present in cast, 
extruded and hot rolled Nimonic 80A stock. These are M23C6 and 
M7C3 carbide, where M is predominantly Chromium, and Ti(C,N) which 
exists in two forms i.e. Nitrogen rich and Carbon rich composition. 
2. M23C6 carbide dissolves during anneals at temperatures of 
10500 C upwards and M7C3 dissolves above 1120
oC. Carbon rich Ti(C,N) 
precipitates out following M carbide dissolution particularly at 
temperatures above 1100oC. 
3. M7C3 transforms to M23C6 below 1050
0 C and the opposite 
transformation of M23C6 to M7?3 occurs above 1060
oc. 
4. The diffracted intensity constants for the calculation of 
phase proportions from X-Ray diffractometry results have been 
determined for the above phases. This has made available the amounts 
of each phase present in an alloy following heat treatment. 
5. The solubilities of M7C3 and M23C6 are governed by the 
following equations: 
ln [cM7/3. Cc] = 
ln [~23/6.Cc] = 
-42970 
RI' 
-58000 
RI' 
+ 
+ 8.4 
Concentrations CM and Cc in atom fractions 
6. Grain growth is controlled directly by the dissolution of 
second phase particles. Three grain states result: 
a) Small grain size with possible abnormal grain growth 
b) Banded small and medium grains along the direction of past 
working 
c) Large grain size. 
7. True particle size distributions have been computed from 
measurements taken across etched alloy sections. 
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Chapter 4 
DISSOLUTION THEORY AND DISCUSSION 
The quantitative assessment of phases in Nimonic BOA conducted in 
the previous chapter, presents the opportunity of a more detailed 
analysis of the kinetics of the underlying mechanisms. The 
conventional theory of dissolution is surveyed to reveal its 
inherent limitations when applied to carbide phases. An alternative 
computer simulated dissolution procedure is therefore developed. 
This is supplemented by short investigations into the potential 
effects of coarsening and transformation of residual M23C6. The 
transformation M7C3 ~ M23C6 is also analysed during anneals at 
ageing and solution treatment temperatures. 
The practical implications of the characteristics of dissolution 
concludes the findings of this and the previous chapter. 
4.1.1. Present Theory of Dissolution 
The most accepted theory of precipitate dissolution was proposed 
by M. J. Whelan, 1969, who considered dissolution to be approximately 
the reverse of growth. He determined the kinetics by treating three-
dimensional diffusion around a spherical precipitate using a valid 
approximation of the diffusion field to account for transient effects. 
He obtained for a spherical precipitate from figure 26 
Concentration profile, 
6P (r, t) = (Ps - Pe) R ~ ( r - R ) _________ • .erl- ~2 D.t 
r 
...... 4 (i) 
Flux of solute at interface vs. Loss of solute from precipitate 
...... 4 (ii) 
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Combining the two equations 
dR 
dt 
= 
kD 
2R 
kjI 
2 " nt 
...... 4 (iii) 
where k = 2 ( Ps - Pe) /( Pc - Pe) 
This integrates to 
where 
2 
a 
D = 
t = 
R = 
Ro = 
a p = 
b 
e -Pe ) = 2D s P -c Ps 
Diffusion Constant 
time 
final radius 
initial radius 
4 (iv) 
a
2t T = 
R 2 
0 
Pc = Precipitate Solute Concentration 
Ps = Equilibrium Surface Concentration 
Pe = Initial Uniform Solute 
Concentration in matrix 
In this treatment, in order to evaluate the flux of solute out of the 
precipitation at radius R, the diffusion field around the precipitate 
is assumed to be the same as that which would exist if the precipitate 
matrix interface was fixed at Ro from the start. The approximation 
does not take proper account of the effect of motion of the interface 
on the diffusion field. This is validated by the fact that less than 
a 1~~ error in rate is induced if ( Ps - Pe)/( Pc - ps) is less 
than 0.025. This is physically explained by the solute being so 
concentrated in the precipitate relative to the matrix that it can 
be diffused away without causing rapid movement of the interface. The 
case of M23C6 dissolving in Nimonic BOA does not fulfil this condition 
of validity since ( Ps - Pe)/( Pc - ps) is of the order 0.5. 
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Significant Interface movement would cause -
a) A change in the three dimensional concentration profile 
around the spherical precipitate. This is due to the decreased 
starting radius creating a physically different concentration 
profile. Also the extent of the profile given by the diffusion 
distance 2 iD.tO is slightly increased. 
b) The solute is removed from the particle of a decreasing surface 
area to radius ratio thus increasing the rate of radius reduction. 
c) The equilibrium surface concentration Ps is not constant 
and varies with particle radius according to the Gibbs-Thomson 
effect of curvature 
i.e. 
where 
P S( t' ) = ps(t)· exp (13 /r ) 
13 2 1 V = 
RT Pc 
r = radius of particle 
1 = Interfacial free energy of ppt/matrix 
V = Molar Volume of precipitate 
•••••• 4 (v) 
ps(t)= Equilibrium concentration of solute planar interface 
Pc = Mol. fraction of solute in precipitate 
R = Gas Constant 
T o = Temperature K 
N.B. The effects of curvature on the dissolution kinetics of spherical 
precipitates was investigated by Aaron and Kotler, 1970, using 
Whelan's theory. 
d) The dissolution of particles also increases the matrix solute 
concentration. The, equilibrium surface concentration of a 
sUbstitional solute M will be reduced by the increased matrix 
concentration of a much faster diffusing interstitial solute such as 
Carbon in a system of MA CB particles. Dissolution will be controlled 
by the slow diffusion of M which in turn is controlled by the 
concentration gradient from the interface into the matrix. The 
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interface concentration depends on the conditions set by the 
Ahrenius equation and solubility constants as determined in the 
previous chapter. Dissolution inevitably must be slowed down and 
dissolution may even be halted if the general matrix carbon level 
reaches the equilibrium particle/matrix interface Carbon 
concentration (Coarsening and M23C6~M7C3 transformation may however 
continue the carbide dissolution though at a greatly reduced rate). 
4.1.2. Dissolution Rates 
These four deviations from Whelan's general theory eliminate the 
possibility of precise theoretical calculations on dissolution of 
MACB carbides. However, if it is assumed that the dissolution rate of 
a particle is governed by the initial kinetic conditions and an 
average of the final and start matrix carbon concentrations is used, 
a crude estimate can be made for the time of dissolution of an average 
sized particle. In a system with a normal distribution of particle 
diameters, this will be the time for a reduction by half of the 
number of particles initially present. 
Consider the system generally encountered in Nimonic BOA in the'as 
supplied' cast, extruded and hot worked state. There is a mixture 
of M23C6 and ~C3 particles with proportions similar to this case; 
average diameter overall = 0.46 ~m, average M7C3 diameter = 0.63 ~m 
(Table T.15) in proportion by volume M7C3 : M23C6 of 3:4 (Graph G.13). 
A mean M23C6 diameter of 0.4 ~m can therefore be estimated. 
Ro = 
p 23/6 
s = 
= 
= 
CCs = 
0.2 ~m 
1 exp [ - 58000 R.T 
23/(23 + 6) = 0.793 
+ B.4] eqn. 3. (xiii) 
0.223 At fraction of M (Table T.14,6.5 hrs. @ 1020oC) 
0.13 x 10-6 At Carbon concentration start dissolution 
(calculated from solubility equ'n for equilibrium at 7000C 
0.223 at%M. 
with 
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Final particle 
y 
= R/Ro-O 
In (T) 
At 10800 c, Ps 
P 
T 
2 
a 
t 
= 
= 
= 
0.806 x 10-3 At Fraction C following dissolution 
o 
of M23C6 (Table T.14.b 2 hrs. 1100 C) 
0.40 x 10-3 Average At. fraction of C in matrix. 
1.6 exp [-66100] Diffusion of Cr in Inconel 
R.T _ 600 (Pruthi et al, 1977) 
radius R = 0 for complete particle dissolution so 
and equ. 4 (iv) reduces to 
= _~~:p2· tan -1 p,) •••••• 4 (vi) 
= .2477 
Cs -Pe ) 1 2 
= 2n( Pc- Ps) 
= 0.0849 
= 0.9652. 
C- Pe) 0.2762 x 10-3 = 2D s = 
Pc Ps 
T %2/ 2 139.8 secs. 2 mins 20 secs. = = = a 
The variation with temperature of time for dissolution of an average 
M23C6 particle diameter (0.4 ~m) is shown in graph G.21. Also shown 
is dissolution of a 0.6 ~m diameter particle which is one standard 
deviation above the mean and is therefore the removal time of 84% of 
the initial number of particles. Graph 5 infers a removal in practice 
of over Bryfo of M23C6 particles within 15 minutes at 10800 c and at 
11500 C the rate is considerably faster. This rapid dissolution is 
therefore supported by conventional theory using an arbitrary fixed 
average matrix Carbon concentration. However no account can be made 
for the partial dissolution of particles experienced at the lower 
solution treatment temperatures where a dissolution or no dissolution 
situation is artificially produced. In a practical system of particles 
with a size distribution, some will dissolve and some only partially 
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dissolve according to the localised carbon levels. There is pictoral 
evidence for regional variations in size distribution, figure 20, 
which as dissolution proceeds means that th~ larger diameter regions 
will saturate the matrix with carbon more rapidly to cause a slower 
process with a possible premature halt. The fast rate of dissolution 
restricts carbon diffusion so that this local carbon homogeneity 
exists through the buffering action of neighbouring particles. It is 
only over relatively long term processes that the complete carbon 
homogeneity can be assumed. In complex alloy systems such as Nimonics, 
even this is unlikely due to interference from other carbide phases 
which will try to exert their individual stabilities on the matrix. 
Rigorous theory of carbide dissolution must therefore include 
consideration of matrix carbon levels. These increase to a varying 
degree throughout the alloy •. 
Present dissolution theory is clearly too simplified to account for 
the dissolution of carbides and similar second phase particles. The 
many variables involved complicate the integrations necessary in 
modifications to an extent that mathematical solutions are highly 
unlikely. The only foreseeable method of theoretical prediction of 
dissolution kinetics is numerical integration using a computer. This 
has the advantage that the most important assumption made in the 
existing theory can be disposed of i.e. an error function concentration 
profile is the basis of dissolution and the shape is maintained 
throughout. This profile is adopted from planar interdiffusion 
conditions of idealised binary alloys and its extent is taken from 
the diffusion distance 2. {D.t.' Deviations from this shape and length 
directly affect the predicted dissolution rate even when considering 
the proposed stationary interface. 
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4.2.1. Proposed Mechanism of Dissolution by Computer Simulation 
A second phase particle MACB is considered to exist in a matrix of 
initial uniform composition, figure 27.a. Matrix is assigned to 
the particle to an extent of half the interparticle spacing within the 
system to be investigated. Both particle and matrix are theoretically 
divided into shells of equal thickness radiating from the centre of 
the particle (usually of the order of 100 angstroms thickness). Each 
shell is then given an atom density of solute M and Carbon respective 
of whether it is in a particle or matrix region - figure 27.b. These 
initial atom densities are calculated from input values of density 
and composition of the second phase and matrix. 
Diffusion is assumed to occur from one shell (i) to an adjacent shell 
(i + 1) across the spherical interface of area A(i). This follows the 
general flux equation after Fick (1955) 
where 
Flux of atoms A, JA = - DA. A. ~A 
dx 
~ 
A 
~A 
dx 
= 
= 
= 
Diffusity of atom A 
Area of interface 
Concentration gradient across interface 
which may be approximated to 
where 
atoms per unit volume in shell (i) 
x = thickness of shell 
The transfer atoms are subtracted evenly from the particle surface 
shell and added to next matrix shell after its atoms have similarly 
been transferred. This sequence is conducted to the limit of the 
diffusion range. If the outermost shell is reached, this shell is 
given the same atom density as the outer-but-one shell on the 
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principle that the neighbouring particle systems will have reached 
the same level. 
Solute-M and Carbon atoms are simultaneously released from the 
particle surface shell. However, due to the rapid diffusion of 
carbon relative to solute M, the excess carbon over the matrix 
content can be distributed evenly throughout the matrix. This adjusts 
the particle/matrix interface M-solute equilibrium concentration 
according to the solubility equation 
A/B [ ] () () -t:.RI'H+C CM • Cc = exp 
and the Gibbs-Thomson curvature effect, equation 4. (v). The 
dissolution is therefore M-solute controlled and dissolution of the 
next particle surface shell cannot be incurred until the present 
surface M-solute is diffused to the equilibrium M-concentration. 
Diffusion from the interface is carried out in time stages determined 
by the time necessary to reduce the M-concentration of the shell 
with the greatest concentration difference by half the difference. 
This process maintains an even concentration profile and is repeated 
until equilibrium is reached, as figure 27.c. The total of the time 
increments is recorded and the next particle shell dissolved until 
the particle is either completely dissolved or the dissolution time 
becomes excessive. The latter occurs when the equilibrium interface 
concentration is reduced to the level of the outer matrix regions-
due to the increase in matrix carbon. Concentration profiles are 
plotted regularly throughout the simulation together with a numerical 
record of times and dissolution rates. 
The omission of a gradual heating to dissolution temperature effect 
within the operation allows an abnormally low initial matrix carbon 
content which was produced during the precipitation temperature range 
(generally during hot working in the as-received stock). This can 
produce an equilibrium M-solute concentration at the interface which 
is higher than the M-concentration in the second phase. As a result, the 
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first few shells of the particle would be stripped of carbon 
immediately without the need for prior M-solute diffusion in the 
program. In reality, this would be equivalent to a carbon 
concentration profile existing in which the particle/matrix interface 
equilibrium would be maintained by a higher than general matrix-
carbon concentration. The process would be extremely fast and is 
checked by the general matrix carbon content being raised so that 
the interface M-solute equilibrium level falls to below the M-solute 
level in the particle. An artificial block of shells then exists 
around the particle with an M-solute atom density similar to that 
of the particle. The program accounts for this by diffusing M-solute 
away from each shell in turn to attain the new equilibrium level 
until the actual particle interface is reached. This creates an M-
concentration profile like that which would have existed if the 
system had been gradually brought to the dissolution temperature, 
figure 27.c. The time taken for diffusion in this initial dissolution 
stage is added to the total dissolution time but it must be considered 
as being the idealistic situation that the dissolution temperature is 
instantaneously achieved. 
The flow diagram and computer program listing is given in Appendix 5 
together with an example input and output format. This was run on 
the Loughborough University Prime Computer system B. The computer 
graph plots shown in the series of graphs 23 represent the atom 
density of M-solute (log scale) against distance from the centre of 
the particle during the simulated dissolution, similar to figure 27.c. 
The curves were plot for every second particle-shell dissolved and 
are the states reached when the interface equilibrium is attained. 
Consequently, the start of the curve from the vertical line, which is 
in fact the particle edge, is the M-solute concentration level in 
equilibrium with the matrix carbon at that stage. This is seen to 
decrease as dissolution proceeds and the matrix carbon increases. 
The M-solute concentration profile in the matrix when dissolution is 
complete is the curve that starts closest to the particle centre i.e. 
the extreme left. The dissolution time given on the graph is for 
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completion of the process. 
4.2.2. Results of Computer Simulated Dissolution 
Computer determinations were based on two forms of matrix volume 
control by each particle. The previously suggested regional variations 
in size were accounted for by ascribing each particle a matrix volume 
on the premiss that large and small particles alike have equal 
o 
matrix control. (Same as the 4945 A volumetric mean diameter with 
o 
28600 A matrix diameter). A second calculation was made designating 
each particle a matrix volume relative to the particle volume. 
(M23C6 is 0.42 w~fo = 0.51 volume % in the alloy). This can be 
compared to conventional theory whereby the lower dissolution 
temperatures give only a change in particle size and not a reduction 
in numbers. Times for dissolution and the remnant particle size where 
applicable are summarised in Table T.16. Graphs of dissolution time 
versus temperature are given in G.21 and G.22. Dotted lines represent 
only partial dissolution. A selection of solute concentration profiles 
predicted during dissolution are also given in the series of graphs 
o G.23. The three particle diameters 2000, 4000 and 6000 A were again 
chosen for the calculations so as to predict the 1&fo, 5~fo and 84% 
number of particles removal rate which is more important when the 
associated grain growth is being considered. These are indicated 
on graph G.22. 
The effect of regional size variations is shown in graph G.22. 
Except for the small size particle which continues increasing in time 
for dissolution almost exponentially as temperature decreases, the 
curves show a peak and decline in time towards the lower temperatures. 
This is the result of saturating the matrix with carbon so that 
dissolution stops. The larger particle reaches this point earlier since 
its outer layers can release carbon more quickly hence the more 
constant time to completion. It should be made clear that 'completion' 
of dissolution is taken to the nearest layer and includes the bulk 
of dissolution. The final stage to dissolve a part layer would 
involve an infinite time while solute atoms relax into an even matrix 
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concentration which is obviously impractical. Another viewpoint 
is that it is the time for particles to shed an equal volume of 
material. 
The rapid dissolution of M23C6 particles found by experiment and 
insubstantially predicted by conventional theory is endorsed by 
computer simulation. Calculations based on regional size variations 
show dissolution to take place within minutes of annealing and 
substantial numbers of particles remain only partially dissolved at 
the recommended solution treatment temperature of 108ooc. The 
incomplete dissolution of M23C6 at these temperatures of course stems 
from the solubility constants determined in the previous chapter. 
These individual particle determinations, however, give an insight 
into localised dissolution kinetics and the important influence of 
matrix carbon content. This is emphasised by the concentration 
profiles during dissolution which are considerably modified by influx 
of carbon into the matrix. The examples shown for 108ooc in graphs 
G.23 indicate how the dissolution of the outer layers of large 
particles quickly reduce the interface equilibrium level of solute 
so as to terminate dissolution. Smaller particles, however, 
completely dissolve leaving a far from carbon saturated matrix. The 
decreasing equilibrium solute concentration is also seen to alter 
the shape of the concentration profile from that proposed in 
conventional theory figure 26. to a rounded version close to the 
interface. This is offset as the particle becomes very small by 
the Gibbs-Thomson curvature effect. The outcome of the profile 
modification is nevertheless a much slower dissolution than if a 
constant initial equilibrium concentration had been taken. 
The large number of residual M23C6 particles predicted at 10SOoC may 
be evident in the experimental section counts of graph 5. The 
number of particles per unit volume is related to the number cutting 
a unit section by the formula 
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1 
= + where 
x 
x and Cl are mean particle diameter and standard deviation of the 
distribution (normal) respectively, Ashby and Ebeling (1966). 
Consequently the graph is only indirectly representative of 
volumetric number of particles especially when three types of 
differently size distributed particles are present. The small 
remnant M23C6 particles following dissolution would therefore be less 
evident in a sectional count than when they were larger. Also 
Graph 5. does show that particles were still being removed from the 
alloy after 15 minutes ageing. This is attributed to the continued 
anneal allowing a long range redistribution of carbon into unsaturated 
matrix, previously occupied by small particle groups. Further 
reductions would be made by particle coarsening aided by poaching of 
matrix carbon by the more stable carbides M7C3 and Ti(C,N). 
Coarsening and reprecipitation as other carbide phases would equally 
be responsible for the depletion of remnant M23C6 particles subsequent 
to the second dissolution condition. This assumes a proportional 
matrix control which leaves residual phase at 11200 C and below. This 
compares to total dissolution at 10800 c and above in conventional 
theory using a fixed average matrix carbon concentration. Graph G.21 
displays these dissolution times and shows computer simulation to be 
slower at the higher temperatures where complete dissolution of 
particles occur but at lower temperatures the times become smaller 
as the process is prematurely terminated. The overall conclusion is 
that dissolution,whether complete or partial, is yet again a rapid 
process. 
4.2.3. Investigation into Particle Coarsening 
Coarsening theory is well established for compound precipitates in 
a solid matrix since Bhattacharyya and Russell (1972) modified the 
original coarsening kinetics theory developed by Lifshitz-Slyozon 
and Wagner (1961). 
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Coarsening is defined as the process where the average size of a 
dispersion of second phase particles increases· with time with 
virtually constant volume fraction. For diffusion controlled 
coarsening of a sparingly soluble compound A IX B ~ in an alloy, the 
process is controlled by the smallest product of diffusivity and 
concentration in the matrix. Average particle radius is given by 
2 
- 3 
r(0)3 8 DJ3 .cB. C1 • V r( t) = + t ...... (vii) 
9 R.T. ~ 2 
where 
B rate controlling species 
r( t) - average radius after time t 
r (0) - average initial radius (t = 0) 
% diffusivity of B in matrix 
CB concentration of B in matrix 
(J precipitate/matrix interfacial energy 
V molar volume of compound 
t time of anneal 
T absolute temperature 
R gas constant 
The rate controlling species of M23C6 in'Nimonic 80A is chromium 
since interstitial carbon is rapid diffusing. ~he coarsening of 
particles subsequent to dissolution at 10800c will be investigated 
assumi~g a remnant average particle diameter of 3000~. The 
following values can be applied 
CCr = 
T = 
a = 
V = 
R = 
p = 
( -66360) 2 1.6 exp R.T cms -1 sec ( 8 -1 -1) R = 1.9 7 Kcal.K. mol. 
22.3 atomic % x Density/Mol.Wt. = 0.032 mol-cm-3 
1353 K 
300 x 10-7 .J cm -2 
3 -1 15 cm mol. 
8.314 J.K.-1 mol. -1 
23/6 
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-4 
ro = 0.15 x 10 cms 
-r 
r 
-r 
-r 
- 3 r 
o 
+ [ 
8 -11 x 3.05 x 10 x 0.032 x 3 x 
9 x 8.314 x 1353 x (23/6)2 
[ cm~ 5-1 -3 -2 6 -2 J mol.cm. J.cm • cm • mol .s = cm3 
-1 -1 J.K .mol .K 
= (0.15 x 10-4)3 + 0.354 x 10-19. t 
(1 hour) = 0.152 x 10-4 cm 
(2 hours) = 4 -4 0.15 x 10 cm 
(4 hours) = 0.157 x 10-
4 cm 
(8 hours) = 0.164 x 10-
4 cm 
Particle coarsening by itself is therefore shown to be significant 
at solution treatment temperatures. Such an increase in average 
particle size would necessitate the dissolution of a large number of 
the smaller sized particles. ' 
4.2.4. M23C6-- Ti{C,N) transformation 
The remnant M23C6 particles from dissolution are likely to be 
transformed to Ti(C,N) over longer anneals. Graph G.11 shows that 
carbon rich Ti(C,N) precipitates during anneals at solution treatment 
temperatures. This dissolution and reprecipitation of carbide 
process can be predicted assuming M23C6 gives way to Ti C by adopting 
conventional dissolution theory which is more applicable to slow 
kinetics. The matrix carbon could be controlled by the precipitating 
phase which Beckitt and Gladman (1972) prove to vary by 
x = 
1 
- • exp 
Cc ( 
-45000 
R.T 
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+ 
The C term in this equation has been adjusted from 1.06 to 2.5 
to account for atomic concentrations rather than weight 
concentrations. 
The carbon concentration will be reduced to equilibrium with the 
matrix titanium level during precipitation so 
x = 0.0272 Ti in 0( 
Cc = 0.0241 x 10-3 
For M23C6 equilibrium, 
23/6 
x = 
Cr in a 
exp [ -58000 + 8.4 ] R.T 
Surface equilibrium of Chromium, Ps = 0.5154 
In equation 4 (iv), as before 
P = 0.223 
e 
Pc = 0.793 
DC = 
_ r ( -66360) 1.6 exp R.T = 
For complete dissolution Y = 0 So 
p 
"( = 0.1503 
= = 
t = 
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2 -1 
ems. sec 
0.168 
6.425 x 10-11 
-4 For particle radius, 0.15 x 10 cms, t = 0.53 secs. 
-4 Ro = 0.3 x 10 cms, t = 2.11 secs. 
Dissolution of M23C6 in a matrix with carbon concentration exerted 
by the very stable TiC phase is therefore shown well capable of 
taking part in a transformation. In reality, however, the large 
Ti(C,N) particles are comparatively few in number and widely spread 
in the matrix so the transformation is almost certainly controlled 
by the second part of the mechanism, reprecipitation. In this 
situation matrix carbon would be dominated by M23C6 stability which 
in turn maintains a low equilibrium titanium concentration at the 
TiC particle surface. The M23C6 solubility equation states that 
the matrix carbon concentration required to stabilise the phase with 
a matrix solute concentration of 0.223 is 0.0006. This causes an 
equilibrium concentration of titanium at the surface of TiC particles 
of 1.09 x 10-3 against a concentration in general matrix (Ti in Ti(C,N) 
removed) of 0.0221. Precipitate theory of which the reverse was 
assumed to attain dissolution kinetics in the Thomas and Whelan 
report (1961) gives the growth rate 
dR kD ~~J!.' dt = +- + 2R 2 rrt 
where 
k = 2 ( Pe - ps )/( Pc- ps) 
D = diffusivity of solute 
R = particle radius 
The same integration may be applied in precipitation as reported for 
dissolution earlier in this chapter but over relatively short ageing 
times where R/Ro(Y)" can be approximated to unity this can be simplified. 
The equation above reduces to 
dy = 1 
dt 2Y 
P 
+ -IT 
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where P = ( Pe -Ps Ps») ~ 2 n ( Pc-
a~ t 2 2.D ( 
p- Ps) with e and l' = a = R 2 P - Ps 
0 c 
If Y ~ 1 
then Y = 1 + ~. l' + 2 P {T 
Titanium diffusion in the most related alloy available, Hastelloy 
(Nickel-based, 1&~ Mo, 7fo Cr) Sessions and Lundy (1969) between 
Boo and 1250oC, is defined by 
= [ -73000 ] 15.3 exp R.T 
At 10BOoc, D = 2.466 x 10-11 
= 2D[ ::= ::] ~ 
p = 0.0646 
2 
cms /s 
2.077 x 10-12 
After 1 hour anneal, with a starting radius Ro of 0.75 ~m (75 x 
10-6cms) 2 
a .t l' = 
y = 
R 2 
o 
1.B 
= 1.33 
This rough estimate predicts a considerable increase in proportion 
of titanium carbonitride phase and therefore demonstrates its potential 
effect in reducing-the remnant M23C6 content in the alloy during 
solution treatment. It must remain a qualitative effect due to the 
use of TiC solubility constants derived for steels and the unknown 
influence of the second chromium carbide phase M7C3 on the matrix 
carbon concentration. M7C6 stability was determined to be similar 
to M23C6 at 10Bo
oc but it is thought that favourable precipitation 
makes it higher. At higher temperatures where ~C3 supplements 
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M
23
C6 dissolution the Ti(C,N) phase was shown to precipitate 
profusely, graph G.12. This is visually confirmed by the band of 
different precipitation around the large particles examined in 
appendix 3. 
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4.3.1. M7C3= M23C6 Transformations 
The previous chapter reported transformations of M7C3 to M23C6 at 
temperatures around 10100 C and the reverse transformation around 
1100oC. Referring to graph G.5, a decrease in number of particles 
per unit-section, roughly corresponding to the number of M7C3 
particles present prior to the solution treatment infers that the 
former transformation is not 'in situ'. This supports the conclusions 
of Beech and Warrington, 1966, who investigated the transformation in 
a number of Fe-Cr alloys and favoured a separate competitive nucleation 
and growth mechanism. Separate nucleation would not be necessary in 
the above case since growth could take place on the existing M23C6 
particles. Particles removed from the structure during an anneal at 
10100 C would therefore be ~C3 and the smaller M23C6 due to 
coarsening. 
An indication of the removal rate of M7C3 due to transformation to 
M23C6 is shown in graph G.13. Half the initial proportion of 0.3 wt.% 
is transformed after 3 hours at 10100 C and all is removed before 
8 hours at 10100 C and 2500 hours at 700oC. Corresponding Carbon 
equivalent increases in M23C6 proportions are evident. Predictions 
of M7C3~M23C6 transformation are possible by considering the process 
to be one of simultaneous dissolution and reprecipitation. Dissolution 
theory can be adapted by controlling the rate of dissolution with 
the amount of matrix carbon exerted by the precipitating phase. 
Conventional Theory 
= 0.63 !lm (mean), 0.93 !lm (+1 std.Dev.) 
, 1.23 !lm (+2 std.Dev.) 
= 
1 [ - 42970 + 5.16 ] Cc· exp R.T 
= 7/(7 + 3) = 0.7 
= 0.223 
- 87 -
1 [- 58000 8.4J CC = P 23/6· exp R.T + 
e 
DCr 1.9 exp [- 67'100 J . = R.T 
10100 C (1283K), Cc = 1.843 x 10-4 
P 
= 0.2653 s ( r Ps- Pe ~ 0.1244 P = 2 It ( P~- Ps) = 
D = 5.567 x 10-
12 
In (T ) 2p tan -1 (~) = -~. 
T = 0.9655 
2 2D (Ps - pe) 0.1082 x 10-3 a = = Pc- Ps 
t = T Ro2/ a2 
Particles Removed 
(Numbers) 50Jb, R = 0.63 then t = 3541.7 secs = 59 mins 
84%, R = 0.93 then t = 7717.8 secs = 129 mins 
9&;b, R = 1.23 then t =13500.0 secs = 225 mins 
7000 C (973K), 1.3108 x 10-7 
6 
Cc = R(.63)' t = .469 x 10 sec 
Ps = • 5133 = 7817 min 130 hr • 
p 
.7432 
6 
= R(O.93),t = 1.022 x 10 sec 
D = 1.178 x 10-
15 
= 17026 min 284 hr. 
0.9657 
6 
"'[ 
= R(1.23),t = 1.787 x 10 sec 
2 8.176 x 10-7 a = = 29782 min 496.4 hr. 
Observed transformations of M7C3 to M23C6 are therefore in close 
agreement with the predictions from an adapted conventional dissolution 
- 88 -
theory. This was expected of a system with slow kinetics and with 
a definite value of matrix carbon level. The mechanism of dissolution 
and reprecipitation is also further promoted. 
The opposite transformation of M23C6 to M7C3 is proved unequivocally 
to occur in the specimens purged of M7C3 at 1020
0 C and further 
annealed at temperatures above 10750 C, graph G.15. Equal two hour 
treatments show the M7C3 phase to gradually replace more M23C6 with 
higher temperature with due respect to the increased carbon retained 
in matrix solution to maintain the pseudo equilibrium state. The 
initial exclusion of M7C3 from the structure ascertains that separate 
nucleation took place prior to growth. This supports the possibility 
of transformation of partially dissolved M23C6 particles at 10800 c 
noted earlier. Lack of details, particularly of particle dimensions 
rules out theoretic calculations on this phenomenon. 
4.3.2. Service Temperature Anneals of Material given Recommended 
Commercial Heat Treatments 
o A supplementary investigation was conducted into the effects of 700 C 
service anneals on the proportions of phases present in material 
given the heat treatments listed in table T.2. The procedure used 
was the same as for the solution treatment analysis in the previous 
chapter and is a precursor to the precipitation examination. The 
results are presented in graphs G.16 and G.17 and show the variation 
in phases with time of anneal. A number of important deductions can 
be made: 
1) The single 700°C ageing treatment produces a structure with 
a higher proportion of M7C3 and lower proportion of M23C6 compared 
to the two stages of ageing at 8500 C and then 700oC. 
2) The phases are not stable at 700°C with the result that 
M7C3 gradually converts to M23C6. After the single stage ageing, the 
approximate M7C3 and M23C6 proportions of 0.4 and 0.3 wt.% existing 
at 175 hours level off at 0.3 and 0.5 wt.% respectively after 500 hours. 
Note that the carbon content of M7C3 would produce two thirds more 
- 89 -
3) Apart from the anomaly of M7C3 at 1000 hours, the same 
trend occurs in the two stage aged sample but with a much smaller 
variation around 0.2 wt.% ~C3 and 0.7 wt.% M23C6. 
4) Both conditions show a slight decrease in Ti(C,N) phase 
during ageing. 
The implications of these results are considerable. The larger 
amount of M23C6 in the sample given the extra 8500 C age is due to 
the accelerated transformation of M7C3 which leads to a more stable 
carbide structure during service. Conversely, the less stable single 
o 
age at 700 C must suffer from an excessive enlarging of precipitated 
M23C6 particles which predominantly occupy grain boundaries. The 
simultaneous change in properties especially creep must therefore be 
more serious. In view of the complete transformation of M7C3 
experienced over 2500 hours at 7000 C in the sample not given a prior 
heat treatment cycle, the above effects must be considered unfinished. 
In addition, the suspected dissolution of Ti(C,N) would compou~d 
the continued build up of M23C6 carbide. Superficially the stable 
Ti(C,N) phase seems unlikely to dissolve, but on reflection heavy 
precipitation of Ni3 AI, Ti ( ~,) would remove the stabilising effect 
of matrix titanium. Consequently, the observed phenomenon may be 
real with the subsequent effect of localised I' particle coarsening 
and the increased possibility of forming the detrimental Ni3Ti (~ ) 
phase. A similar less quantitative observation was made by Collins 
and Quigg, 1968, in cast superalloy B-1900 where MC appeared to 
dissociate into M6C carbide and I' during ageing from 870 to 1150oC. 
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4.4.1. Summary 
Analysis of conventional theory of dissolution' has revealed a 
number of reservations which prevent detailed assessment of kinetics. 
A crude determination was nevertheless made by assuming a matrix 
carbon concentration half way between the initial and post 
dissolution condition. This gave rapid times for dissolution within 
the bounds of the experimental particle systems measured. However 
this did not account for the detected removal of particles after 
longer ageing at 1080oc. A computer simulation of dissolution was 
therefore developed based on diffusion across matrix layers of 
increasing radius from the particle centre. This overcame drawbacks 
in the conventional theory, in particular the problem of an 
increasing level of carbon in the surrounding matrix. The resulting 
calculations predicted longer dissolution times of whole particles 
than conventional theory and substantially more partially dissolved 
particles remaining when normal dissolution was complete. These 
remnant particles were then shown to be capable of further dissolution 
through the mechanisms of coarsening and transformation by 
reprecipitation as the more stable carbide phases Ti(C,N) and M7C3• 
An adaptation of conventional dissolution theory was found to ~e in 
close agreement with the observed rates of M7C3 transformation to 
o 0 M23C6 at 1010 C and 700 C. 
A preview of phase stabilities subsequent to precipitation treatments 
has indicated serious consequences of prolonged service anneals at 
700oC. 
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4.5.1. Practical Implications 
The deeper understanding of dissolution in Nimonic 80A established 
over the last two chapters has paved the way for a more precise 
control of alloy structure in the future. The ambiguous reasons for 
the optimum solution treatments used in the past are made clear. 
In particular, the dissolution of M23C6 at 1080
0
c can no longer be 
thought of as simply increasing the matrix content of carbon and 
solute since precipitation of other carbides reduce these levels. 
M7C3 is considered to be a phase deleterious to mechanical properties 
(Probert, 1968) yet the accepted 8 hour anneal at 10800 c which 
extends well past the time for M23C6 removal is shown to increase 
its presence. Its transformation to M23C6 during service temperatures 
also produces a significant change in the role of M23C6 particles 
in strengthening mechanisms through their enlargement. The 
acceleration of this process during an intermediate 8500 C age creates 
a more stable structure. This and the variation .in prop~rties during 
service have long been attributed to self coarsening of M23C6 
particles. A control of the amount of M7C3 phase may theref~re result 
in considerable improvement of long term properties. The rapid 
o transformation at temperatures just above 1000 C may hold the key to 
this control. Precipitation of titanium carbonitride at solution 
treatment temperatures could also affect mechanical properties. 
Besides removing carbon available for precipitation processes it 
also removes valuable titanium used in the formation of Ni3AI,Ti 
in precipitate hardening of matrix. It is the possibility of 
subsequent release that jeopardises alloy properties since it would 
cause localised enlargement of Ni3Al,Ti particles. This in itself 
is not serious but an escalation by coarsening and the depletion of 
particles in surrounding matrix could have drastic results. 
Grain boundary measurements show that extended solution treatment 
does not appreciably affect resultant grain size since pinning 
restrictions are imposed during the early depletion of particles. The 
duplex large and small grain size structure conferred by annealing at 
1oBo°c may benefit overall properties by adding the individual 
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advantages. Large grains reduce creep and small grains aid 
ductility and toughness. Treatments of 3 minutes at 11500 C are 
recommended for sheet products which through the limiting nature 
of sheet material (surface interference to grain growth) results in 
fine grain size. The higher solution temperature takes more carbon 
into solution due to complete dissolution of M23C6 and part dissolution 
of M7C3 while denying the reducing effect of Ti(C,N) precipitation. 
The large amount of carbon available for precipitation in ageing 
treatments is probably necessary to account for the larger area of 
grain boundary to be occupied. Such a high temperature anneal in 
large cross section stock results in a very large grain size with 
excessive potential precipitation. The service properties of this 
structure would be poor so that an upper solution temperature 
limitation must be considered in bulk components. Treatments below 
10800 c produce insufficient dissolution to cause adequate precipitation 
on the relatively unchanged fine grain size. Also exaggerated grain 
growth was seen to sometimes occur at the expense of these small 
grains. It is therefore concluded that 10800 c is an ideal temperature 
for optimising grain structure. 
Due to the change in carbon available for precipitation with variation 
is solution treatment temperature, another independent method was 
required to investigate the effects of grain size on grain boundary 
precipitation. This was achieved by cold working part of the supplied 
bar stock to varying degrees ~o that subsequent recrystalisation 
during a similar solution treatment at 10800 c produced a range of 
grain conditions. Graph G.7 of preliminary tensile deformation 
measurements indicate that more than ~ extension is required to 
induce recrystalisation. Graph G.9 shows the relative grain states 
caused by working from which a large (7fo) and small (3~fo) grain size 
were selected. The total 10800c solution treatment time was for each 
10 hours and the ratio of grain boundary area per unit volume was 
approximately 62.5:25. This compares to the grain boundary area of 
50 mm2/mm3 and solution time of 2 hours in the standard material 
examined for precipitation. 
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Chapter 5 
DISCONTIrmous PRECIPITATION - OBSERVATION AND MEASUREMENT 
5.1. OBSERVATION 
Discontinuous precipitation in Nimonic 80A is in the form of 
M23C6 carbide rods in matrix depleted of solute M which is basically 
chromium. Fig. 17.a and diffraction pattern, fig. 17.c, show the 
carbide to be in the same orientation as the advancing grain matrix 
and with a lattice parameter exactly three times larger. Its 
formation is more prolific at lower temperatures in the ageing range 
though it can be significantly suppressed by slow cooling from the 
solution treatment anneal. This is due to the cooling rate being 
slow enough to permit continuous precipitate nucleation on the grain 
boundaries during the passage through the higher ageing temperatures. 
It is worthwhile noting the form of continuous precipitation since 
it is the predominant alternative which must be overcome to produce 
discontinuous growth. 
5.1.1. Continuous Precipitation 
Discontinuous precipitation was subdued enough for continuous 
precipitate examination by air cooling a 16mm diameter bar from the 
solution treatment temperature 108ooc. It will be remembered that 
discontinuous precipitation was examined following water quenching. 
Scanning electron images of a dendritic type of grain boundary 
continuous precipitation are shown in figure 28 which is of a specimen 
given the recommended ageing treatment of 24 hours at 8500 C and 16 
hours at 700oC. Deep etching has revealed beds of boundary precipitates 
which vary considerably in size and shape. A transmission electron 
image of a similar precipitate at an earlier stage is given in figure 
29. The density of precipitates on the boundary when compared to the 
numerous examples of discontinuous rods at the base of each cell is 
always very low. Nucleation density must therefore have a great 
influence on the mode of boundary precipitation in that larger 
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interparticle spacings make inducement of boundary motion more 
difficult. The dendritic growth is developed by preferential diffusion 
and therefore growth directions along the boundary. Nuclei establish them-
selves from the many nucleation sites attempting to overcome the 
activation energy barrier. Once created these immediately purge the 
vicinity of solute M which denies local potential nuclei of existence. 
Precipitate density thus depends on the rate at which they can come 
into being before deprivation of solute. The preferential growth 
directions exhibited by dendrites most likely cross major nucleation 
sites which, together with rapid boundary diffusion at higher 
temperatures, markedly reduce precipitate numbers. 
A similar faceted form of continuous growth is displayed in fig. 30 
which is of an aged specimen for 24 hours at 8800 e. Facets are formed 
by low energy planes being presented to the neighbouring grains which 
promotes continuous growth when parallel to the boundary. This is 
evident in the change in mode of precipitation along the boundary in 
fig. 31 due to the overwhelming pressure to grow in a particular 
direction. The dark field image of fig. 32.a yet again shows the 
close relationship between continuous and discontinuous growth. The 
large block precipitates are growing with the same grain orientation 
as the nearby discontinuous cells and they have similarly caused 
boundary migration so that the bulk of their surface is of low energy 
interfacing with the related grain. The volume ratio of blocky precipitate 
to interparticle matrix indicates however that solute transport took 
place in the surrounding grain matrix towards the grain boundary. 
A similar occurrence is pictured in fig. 32.b where the blocky 
precipitation has obviously been aided by solute transport down the 
twin boundary of the upper grain. 
The third type of continuous grain boundary growth is a complete 
deposit along the boundary as shown in fig. 33. This is the only case 
not to have an orientation relationship with one of the two grains 
and is "initiated by a primary carbide already existing on the boundary. 
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A solute concentration profile must therefore exist along the 
boundary from the very beginning of ageing and"has the advantage 
of no nucleation time necessary before creating a solute catchment 
area. The result is a complete annihilation of potential nuclei 
along its stretch of boundary. Subsequent precipitation can spread 
from the particle to the limits on the boundary of its solute 
control which in the example shown is a twin meeting the boundary 
at a small continuous precipitate. The direction of spreading is 
indicated by the tapering cross section and its isolation is disclosed 
by the discontinuous growth possible on the other side of the twin 
intersection. These incidents are relatively scarce since they 
require remnants of M23C6 particles from the solution treatment. 
Finally, continuous precipitates are seen to form on the non-coherent 
parts of twin boundaries which span between parallel coherent twin 
planes. A coherent twin boundary exists if the two adjacent grains 
have crystallographic orientations which are 'mirror images' of each 
other in the boundary plane and this boundary is also a common crystall-
ographic plane of both crystals. The non-coherent twin boundary 
differs by not being a common plane of separation to both grains. A 
three-dimensional impression of coherent twins may be obtained from 
fig. 34 which also shows their high occurrence rate. Between these 
planes, figs. 35, 36 and 37 show a number of connecting boundaries 
which host differing styles of precipitation. All, however, are 
highly directionalised and are inherently aligned to both neighbouring 
grains. The effect of full ageing on the final deposit can be seen 
in the scanning electron micrographs of a deeply etched sample in 
fig. 38. The extent is considerable and may even denude matrix of 
carbon enough to affect precipitation on regular grain boundary. 
Coherent twins cannot accommodate normal kinds of boundary precipitation 
because of the rigid structure which makes it unable to act as a 
rapid diffusion path or as a nucleation bed. Non-coherent twins Can 
but are restricted to continuous growth by the dual allegiance to 
the adjacent grains and the immobility imposed by junctions with 
coherent twins. 
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5.1.2. Discontinuous Precipitation - Nucleation, 
Nucleation of discontinuous precipitation is typified by the 
example in fig. 39. The densely populated boundary plane is 
precursive to cellular growth and in this case the arrangement is 
clearly a regular array following the grain boundary structural 
features. Recurring identical nucleation sites promote synchronous 
incubation of nuclei and therefore prevent large solute controlled 
regions being established. Also the orientation of each nucleus 
will be directed towards a particular grain. On these grounds, the 
mechanism for boundary migration is envisaged as being closely 
packed arrays of precipitates which attract solute along the fastest 
available route. This is the grain boundary plane along which not 
only do the precipitating atoms have to be transported but also the 
rejected matrix atoms have to be reaccommodated. It is known from 
previous studies of continuous precipitates (Hancock, 1971) that the 
majority of growth takes place into the grain with no orientation 
relationship because of the ease of diffusion and precipitation along 
the more disjointed interface. Displaced matrix solvent atoms from 
growth into this grain are then faced with the prospect of forming 
a high energy interface with the precipitate in the non-aligned 
grain or changing loyalty to form a low energy interface in the 
other. Fig. 40 shows diagrammatically what usually happens in a 
continuous growth mechanism and fig. 32 confirms its existence. 
Clusters of solute atoms on the boundary form a nucleus aligned to 
the most accommodating grain, diagram 40.a. The nucleus is then 
enlarged by growth into the non related grain by broadening and 
lengthening via solute, matrix diffused to the boundary. As growth 
continues excess solvent atoms attach to the related grain causing 
bulging of the boundary, as diagrams 40. b and c. This is, however, 
the result of solute diffusing down a concentration gradient to the 
boundary and precipitate. When interparticle spacing is small, the 
local boundary migration overlaps and introduces a solute depleted 
layer between the host grain and the boundary. Solute for further 
precipitation can therefore only be immediately extracted from the 
non-aligned grain. The adjacent plane to the boundary in this grain 
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also has its solvent atoms under pressure to traverse the boundary 
to take up a more favourable position on the other grain. This 
position is in a solute depleted matrix and therefore of lower 
-
free energy. The effect is a continuous stripping of atoms from 
the non-aligned grain followed by a change of solute atoms for 
solvent atoms displaced by the precipitate (via rapid boundary 
diffusion) and finally the deposit of segregated solute and solvent 
respectively on the precipitate and aligned grain. Fig. 40.d 
shows the extension of the continuous mode of growth to give 
discontinuous growth by increasing the nucleation density on the 
boundary. The competition for solute by adjacent precipitates 
causes its rapid extraction from the boundary and therefore polarises 
growth in a perpendicular direction. This forward motion is fast 
enough to prevent solute diffusion gradients being set up in the 
retreating grain. Considering this comparison to continuous 
precipitation it seems plausible that favourable boundaries for 
cellular growth may exist. 
In view of the probability aspect in nucleation, situations must 
arise where nuclei aligned to both grains become established along 
a boundary. There are numerous examples such as fig. 41.c where 
cells grow in opposite directions from the same grain boundary. It 
is conceivable that in some cases of cell formation a dominant 
growth allegiance tears the boundary away from opposing nuclei. 
Equal dominance, however, would result in a stalemate with a 
continuous precipitation. 
Nucleation influence on precipitation mode is in further evidence 
in fig. 31 where precipitate growth is seen to prefer a particular 
direction. The boundary curvature reduces the mode from cellular 
where the direction is close to being perpendicular to the boundary 
to facetted continuous growth where the boundary becomes close to 
parallel. Also in fig. 42 a change in mode is visible across a 
twin meeting an apparently planar boundary. The indications are that 
grain boundary misorientation modifies nucleation. 
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5.1.3. Discontinuous Precipitate Growth 
The cell cut by a twin in the advancing grain of fig. 41.b shows 
a preferred precipitate growth direction changing abruptly into 
another. The precipitates remain orientated to the host grain but 
the drag imposed by the cell on the other side of the twin alters 
the growth front to that of this other part. Preferred orientation 
. is, however, not a cell requisite since growth is always perpendicular 
to the cell front and in cases of curved cells such as in fig. 17 
a gradual direction change occurs. It is possible though that 
rates of growth can vary with direction. 
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5.2. MEASUlill1ENT 
Observations of discontinuous precipitation lead to the conclusion 
that extensive measurement is necessary to uniquely define just 
one cell. The details of TEI cell measurement is given in section 
2.5.2. To summarise, cell features were measured from two 
directions of tilt so that computer calculation could reveal true 
dimensions. These were length of cell section along the grain 
boundary, depth of cell advance into the retreating grain and diameter 
of precipitate rods at the growth front. Also recorded were the 
cell pinning characteristics and continuous (blocky) precipitation 
involveme~t, all of which are summarised in table T.17. The amount 
of work necessary for a meaningful size analysis for each specimen 
limited the examination to the following ageing treatments: 
a) 4 mins at 7000 C Normal grain size 
b) 16 mins at 7000 C Normal grain size 
c) 4 hours at 7000 C Normal grain size 
d) 4 hours at 7000 C Large grain size 
e) 4 hours at 7000 C Small grain size 
f) 4 mins at 8500 C Normal grain size 
g) 2 hours at 8500 C Normal grain size 
A complete cell measurement record is displayed in graphs G.24 to 
G.30 and may be categorised as follows: 
Depth of Cell vs. Length of Cell section on G.B. 
Precipitate Diameter vs. Length of Cell section on G.B. 
Precipitate Diameter vs. Depth of Cell. 
These have been condensed into histograms of the frequency of size 
ranges for 
G.31 
G.32 
G.33 
Length of Cell Section on G.B. 
Depth of Cell 
Precipitate Diameter. 
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Finally the variation in average depth of growth, G.}4, and average 
growing precipitate diameter, G.35, with log. time are displayed for 
the two common ageing temperatures of 700 and 8500 C. 
Discussion of Results 
5.2.1. Length of Cell Section Along Grain Boundary 
The three dimensional nature of a cell of discontinuous precipitation 
is generally an irregularly outlined area of uniform forward growth. 
This is bounded by a pinning line to which the cell perimeter is 
either restricted in growth increasingly until it meets the pin e.g. 
Fig. 42 or it bows around the pin as Fig. 17.b. A measurement of an 
arbitrary length of cell section cannot therefore be used to define 
the area of grain boundary occupied by a particular cell. It does, 
however, give an indication of the manoevring space available to the 
cell section being measured. Also an overall distribution of cell 
section lengths produced in a particular specimen can indirectly show 
a difference in cell growth area on grain boundaries during various 
heat treatments. Three points emerge from the analysis of cell-
sections: 
1) The series of two dimensional histograms indicate that both 
depth of growth and precipitate growth diameter are not influenced 
by the length of cell section. 
'2) The histograms of graph G.31 except for the case of 4 minutes 
at 7000 C have similar distributions of cell-section lengths i.e. a 
steep increase from a minimum length (150 to 450 nm) to peak around a 
micron and then a long dwindling tail passing the 10 micron extent 
of the graph. The minimum length stems from the extremely low 
probability of sectioning a cell tip together with the subsequent 
difficulty in recognising it as such. The higher minima at the longer 
times and higher temperature of ageing suggest that cell edges have 
prooably acted as sites for continuous precipitation. 
3) The series of distributions at 7000 C from 4 minutes to 16 
minutes to 4 hours infer that cell sections increase in length with 
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time. After 4 minutes, the distribution peaks at 0.5 micron and the 
tail ends at 2.5 micron. After 16 minutes, the peak has flattened 
and increased to the general 1 micron level and the tail has extended 
considerably. A 4 hour treatment produces an even flatter peak and a 
longer and thicker tail. The reason for this increase can be 
extracted from the table of pinning modes (T.17). Cells following 
4 minutes ageing are high in incidents of unpinned, pinned at a 
grain boundary particle and pinned by a like cell ends. Further 
ageing sees these pinning modes significantly decline with a 
corresponding rise in cases of triple point pinning and cell extensions 
into other grains. The triple point mode confirms the siting of cell 
ends for continuous precipitation by the increase in number of 
particles thereafter the 4 hour age. The evidence is therefore that 
cell advances can envelope particle pinning points and merge with 
like cells (which may be part of the same cell anyway) along the same 
stretch of boundary and across twins. Meetings at unlike cells cannot 
be expected to change but may appear to increase if other pinning 
modes are eliminated by integration. 
5.2.2. Depth of Cell Growth and Precipitate Growing Diameter at 7000 c 
The two-dimensional histograms involving the lengths and diameters 
of discontinuous precipitate growth all exhibit the pattern of larger 
growth diameter with deeper cell advance. This is substantiated by the 
growth dimension distributllll change with ageing time at 700oC. In 
graph G.32, the short spread of growth lengths around 260 nm at 4 
minutes widens with ageing to a large variation about double this 
mean at 4 hours. There is also a corresponding change in precipitate 
diameter from 20 nm to 40 nm with a similar widening of spread, as 
shown in graphs G.33.a, b and c. The allegiance of these two 
dimensions implies a close relationship between them in the growth 
mechanism. It is also apparent that boundaries have varying growth 
rates and with the wide latter 4 hour spread, there are probably 
different halt conditions for each cell growth. 
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Effect of Grain Size 
The observations above are for what is termed Normal grain size. 
The specimens with an induced variation on this grain size 
surprisingly exhibit similar ranges of cell section. It would be 
expected that a larger grain size case would have larger expanses 
available to discontinuous precipitation and the reverse with smaller 
grain size. Fig. 24.a, however, shows how grain growth introduces 
a high density of twins in developing a large grain situation. This 
effectively breaks up the grain boundary into smaller isolated areas 
as indicated by the high number of cells ending at triple points 
which almost entirely consist of twins meeting a flat grain boundary. 
An additional effect may come from the more numerous primary carbide 
particles resting on grain boundaries surrounding larger grains (from 
Table T.4). These particles may be the cause of greater pinning at 
like cell junctions. In the case of small grain size, the higher 
proportion of smaller precipitating areas is compensated by 
continuous precipitation which forms on almost half the available 
grain boundary (Table T.17). The increased curvature of boundary 
is thought to favour the nucleation and growth of continuous 
precipitates due to both a higher diffusivity along a more disjointed 
boundary and also the dissimilarity of the precipitates created. 
Discontinuous precipitation would therefore restrict itself to the 
situations presented more frequently in the 'normal' grain size 
hence the comparative cell sections. This is endorsed by the 
increased involvement of particle pinning and reduced meeting at 
other cells which suggests a preference of cellular sites between 
the heavy continuous growth occupation. 
The average growth diameters of discontinuous precipitate rods after 
4 hours of ageing at 700°C are closely placed around 40 nm, graph 
G.33, c, d and e, for all grain conditions. This has the implication 
of a highly temperature dependent link with the growth kinetics, for 
example a diffusion mechanism. The depth of growth distributions of 
graph G.32, c, d and e show the same is not true of forward growth 
rate. Both large and small grain conditions featUre an acute peak 
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at the 100 to 150 nm diameter range which is absent from the inter-
mediate grain size. The large grain. size does, however, display a tail 
towards the greater cell depths similar to that of normal grain 
size and unlike that of the small. Premature termination or slowing 
down of growth may therefore be occurring in small grains. This 
possibly has roots in the sapping of matrix carbon reserves by the 
larger area of boundary per unit volume of matrix open to precipitation. 
The difference in the large and normal grain size growth rates is 
the higher concentration of shallower cells in the former state. This 
is reminiscent of the earlier stages of cell growth associated with 
the normal grain state. The reason for the apparently retarded growth 
is not immediately clear but three likely explanations can be 
proposed. Large areas of non coherent twin boundary together with 
undissolved primary M23C6 and Ti(C,N) particles (growth of M23C6 on 
Ti(C,N), see Appendix 3) may extract carbon from large grain centres 
through continuous precipitation before the discontinuous precipitation 
occurring at greater distances away. Secondly, due to the grain 
boundary stabilising effect during extensive grain growth, grain 
boundaries may present more boundary of a slower cellular growth 
rate nature. The narrower precipitate rod diameter peak of graph G.33.d 
could be the result of similar cells still in a growth condition whereas 
the broader diameter band of the smaller grain sizes is indicative 
of terminated growths. The third explanation is the most probable 
since it also includes the early termination of growth in the small 
grain size sample. The process applied to arrive at the large and 
small grain size states involved 8 hours extra solution treatment at 
10800 c over the normal grain condition. This is thought to have 
removed a large amount of matrix carbon taken into solution by M23C6 
dissolution by reprecipitation as Ti(C,N) and M~3 carbides. This 
precipitation was suspected in the dissolution survey of the previous 
chapters and if it is indeed the case then a just comparison of the 
effect of grain size can only be made from the extreme grain states. 
The large grain size with more volume of matrix per unit area of 
grain boundary displays the tail of deeper cell growths because more 
carbon available for precipitation sustains growth. In the normal 
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grain state, the higher initial matrix carbon content following 
solution treatment carries discontinuous growth even further so 
that the peak of terminated cells seen in the large and small grain 
states is widely spread into the deeper cell regions. The lack of 
a tail in the small grain size sample is the result of the quick 
consumption of Carbon available for precipitation on the large area 
of boundary compared to the other states. Cell termination is 
therefore synchronous. 
5.2.3. Growth at 850°C 
The striking feature of discontinuous growth at 8500 C is displayed 
in graph G.34 where growth proves to be nearly complete well before 
4 minutes ageing. Subsequent ageing, as the 2 hour age shows, 
increases the cell depth very little but the average rod diameter in 
graph G.35 is seen to double. This is the result of continuous 
precipitation taking over once the cell advance is halted thus 
widening the precipitate rods along the stationary boundary. Diameters 
o 
after a short age are nevertheless large compared to 700 C growth 
which strengthens the view of close dependence on temperature. The 
rapid discontinuous precipitate growth together with its correspondingly 
fast termination at 8500 C is emphasised in the comparison with 700°C 
in graph G.34. Not only is the mean cell depth stable but so too 
is the standard deviation of scatter (dotted lines) about it. At 
7oooC, the lower limit of scatter remains fairly constant but the 
mean and upper limit increase relatively steeply. This follows the 
pattern of gradual terminating of cell growth throughout the growth 
stages rather than a uniform time based halt. The rapid termination 
of cell growth at 8500 C may be attributed to: 
a) Fast depletion of carbon available for precipitation 
b) Higher diffusivity at the higher ageing temperature causing 
a rapid degeneration of discontinuous to continuous growth. 
c) The notable absence of Ni3(Ti,AI) i.e • • ' particles in the 
early stages of ageing (less than 4 hours) at 7000 C is not the case 
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at 850oC. Figs. 43, 44 and 45 show the extent of I' precipitation 
at 8500 C over a 2 hour period. Although not clearly visible in the 
4 minute aged matrix, the clusters lying on the foil surface indicate 
their size to be about 30 nm. After 16 minutes this is seen to 
increase to 60 nm and an indication of the matrix distribution is 
just visible by the lighter particles between the unusually dense 
population of surface resting particles (dark). Particles are 
becoming cuboid of around 90 nm sides after a 2 hour age. Extensive 
discontinuous cell growth would therefore be restricted by I' at 
850oC. 
5.2.4. Continuous Precipitation 
The percentage grain boundary occupied by blocky precipitates is 
seen to decrease during ageing at 700oC. This is due to cells 
swamping unoccupied regions previously included in the continuous 
precipitate count. The enveloping of primary grain boundary carbides 
and unification of like cells also claims intercell territory. The 
approximation of average volume has the drawback that primary grain 
boundary carbides may inadvertently be measured, which seems to be 
the case in the 16'minutes at 7000 C sample. Otherwise, ageing slowly 
increases the volume of individual block precipitates at normal grain 
size which is to be expected. After 4 hours, the large and small 
grain size states exhibit small and large blocky precipitates 
respectively. The difference may derive from the availability of 
carbon close to the boundary which is more likely to be channelled 
towards the faster cellular growth where this is plentiful. The 
small grain size has a low ratio of discontinuous to continuous growth. 
Continuous growth at 8500 C is considerably faster than at 7000 C which 
is expected of a solute diffusion based mechanism. The percentage 
of blocky grain boundary regions shows a slight increase over 2 hours 
ageing so the establishing of continuous in preference to discontinuous 
growth may be evident. The percentage also remains much higher than 
that of the equivalent grain size at 700°C which confirms past 
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observations that continuous growth becomes predominant at higher 
temperatures. It is certain that the rapid rate of growth shown 
at the higher temperature must be more competitive to the discontinuous 
growth. 
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5.3. GRAIN ORIENTATIONS AND PRECIPITATE GROWTH DIRECTIONS 
Following the observations of section 5.1.3., grain boundary mismatch 
and precipitate growth directions were identified in the 4 minutes 
ageing samples at 700 and 8500 C. The object was to discover 
previously unidentified growth/orientation relationships above the 
accepted crystal alignment of the carbide, depleted matrix and the 
advancing grain. All data was normalised with respect to the three 
dimensional symmetries of a cubic crystal. Mismatch is represented 
on two corresponding grids thus uniquely defining the grain 
displacement by the three necessary angles, a, fi and 41 derived from 
Fig. 14. This may conveniently be envisaged by reference to the twin 
mismatch of graph G.38 where actual angles should be a = 700 , 
~ = 450 and 41 = 450 • Experimental measurements indicate the 
accuracy of the technique by the short scatter of results about 
these values. 
Direction of precipitate rods is presented on two standard triangles 
giving the relation in the advancing and retreating grains. The 
computer was used in the later stages to filter data for particular 
precipitation modes and sizes. 
5.3.1. Discontinuous Growth at 7000 C 
Although sparsely populated, this is a convenient introduction to 
orientation relationship examination because of the lack of 
preferential cases. The intrinsic nature of the misorientation 
display, graph G.36.a, is apparent from thinning of points towards 
the top of the a-scale. A converging graph with the top one third 
the base length would be more visually correct but the accuracy of 
presentation and clarity of scaling would have been sacrificed. A 
mental reduction is therefore necessary towards the upper regions of 
both graphs. With this consideration, the grain misorientations 
measured at 7000 C may be superficially described as randomly matched. 
This would be expected if ingot reduction to bar form by constant 
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working and recrystallisation did not introduce alignments of grains 
to\.,rards a particular working direction to a significant extent. 
The straightforward standard triangles of graph G.36.b indicate 
that cellular precipitates did not grow in a preferential direction 
in either grain. However, the unoccupied areas around <133) 
. and < 136 > in both triangles must for the time being remain 
suspect. 
5.3.2. Discontinuous Growth at 8500 C 
Grain misorientations measured across discontinuous precipitates at 
8500 C show a tendency towards an angle SO of 450 and an angle tt' of 
450 • These are the mismatch positions of a twin which may be thought 
of as the farthest possible deviation away from low angle grain 
boundary. Two reasons may be given for this - a) Discontinuous 
precipitation is favourable on high angle grain boundaries, b) During 
the processing of the material, low angle grain boundaries tended 
to be eliminated. Both or just one of these may have occurred. In 
the light of the similar pattern displayed by the few grain boundaries 
with continuous precipitation, graph G.45, and at 7000 C the latter 
seems to be true. 
Precipitate growth directions of graph G.37.b reveal the major 
tendency in this survey. The random directions exhibited in the 
retreating grain highlight how strong the attraction towards (110) 
gro..,lth is in the advancing grain. Two advantages may be gained by 
a precipitate rod converting to a <110) direction. A lower energy 
interface with the host grain matrix may be produced and a (110) 
plane of atoms is introduced to the boundary. A closer knit plane of 
atoms at a grain boundary would provide a more stable base for 
relatively free boundary atoms to latch on to. Cell growth would 
therefore be easier perpendicular to a (110) plane and against the 
loosely packed planes shown to be randomly presented by the retreating 
grain. It will be noted that the preferred direction applies to both 
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host matrix and rod precipitate due to their interdependence. The 
reasons for the favourable direction being discovered after 4 minutes 
at 8500 C and not at 7000 C may rest in the kinetics of the precipitation 
mechanism. At 700oC, discontinuous precipitation has shown the 
characteristics of being in a juvenile stage of growth after 4 
minutes whereas at 850oC, the growth is clearly finished. Since 
change in growth direction cannot occur in the initial stages where 
the growth direction must conform to the situation imposed by the 
non-biased initial boundary positions, i.e. movement perpendicular 
to the boundary plane, then directional changes must occur in the 
latter growth stages not yet reached at 700oC. This may be coupled 
with the higher grain boundary mobility inherently possible at 
higher temperatures. 
The preferential growth direction of 8500 C prompted the search for 
a relation to precipitate g~owth dimensions. This was conducted 
using a size filter within the computer plotting program. The 
separating dimension was chosen to the right of the peak existing in 
the size distributions in graphs G.31, G.32 and G.33, so that criteria 
of filter were the characteristic features of a popular peak against 
a dwindling tail in the upper size bracket. The cell directions with 
precipitate diameters less than 45 rum are plotted in graph G.39 
and may be compared to those of diameter greater than 45 nm in graph 
G.40. Directionality exists in the smaller diameter precipitate 
growth. Similarly graphs G.41 and G.42 give directions in cells of 
depths less than and greater than 210 nm respectively. Here the 
directional tendency follows the larger dimensions. It may be 
concluded therefore that precipitate growth directions arise more in 
cells of large depths and small precipitate rod diameters, i.e. those 
cells with extended-growth. This is in accordance with the postUlation 
of directionality appearing in the adult growth stage in the previous 
paragraph. 
Graph G.43 shows that directionality of growth is also partly 
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dependent on cell section. Larger cell sections may aid preferential 
change in direction of precipitation by not distorting growth with 
end pinning restrictions. A further clue to the nature of boundary 
influencing direction is to be found in graph G.44 where a stretch 
of grain boundary supporting more than one cell is seen less prone 
to bias. This may be the result of discriminating against larger 
--cell sections or possibly an indication that boundary from which 
cells can grow into either grain cannot sustain growth long enough 
for a directional change to take place. 
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5.4. CONCENTRATION PROFILES ACROSS DISCONTINUOUS PRmIPITATION AFl'ER 
o 
... ..- 4 HOURS AT 700 C 
Exploratory concentration profiles were produced by X-ray energy 
dispersive analysis using spot probes acros·s individual cells. 
Analysis positions are conveniently marked by carbon deposits 
induced on the specimen surfaces by the beam on entry and exit, as 
displayed in Figs. 46, 47 and 48. The corresponding concentration 
profiles in graphs G.46, G.47 and G.48 are proportions derived from 
the raw integrated characteristic K- a peak counts. The similarity 
of the four major elements Nickel, Chromium, Titanium and Iron and 
the favourable count-proportions to the alloy composition in table 1 
means that corrections are considered unnecessary. The resulting low 
estimation of Aluminium (third that expected) will be a consistent 
discrepancy since absorption in the major elements present varies 
little. Fluorescence. effects on titanium by chromium,revealed in 
Appendix 3, will not be significant because of the low undeviating 
titanium content and the comparatively small change in chromium. 
The profiles are therefore a close monitor of change in elemental 
composition but actual proportions may vary to a small extent. 
Typical discontinuous cells were chosen in the sample aged for 4 
hours at 7000 C. Variation of the three lower proportion elements in 
all cases was within half a percent and did not follow a predictable 
pattern. Iron, titanium and aluminium therefore do not segregate 
to an observable degree during discontinuous precipitation and will 
be treated as such in future discussion. The long range profile in 
graph G.46.a shows how for 7.5 micron behind and 2 micron in front 
of a cell, nickel and chromium concentrations each fall within a 0.8 
percent spread. This emphasises the intrinsic feature of 
discontinuous precipitation in that there is primarily no matrix 
solute diffusion to the cell. The short range profile of the same 
cell in graph G.46.b shows the exception to the rule where the 
stationary base of the cell can gradually develop continuous 
precipitation. A concentration profile is therefore set up in the 
host grain, opposite to the direction of cell growth down which the 
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precipitating solute diffuses. 
This phenomenon is substantiated by other cases, one being the 
medium range profile in graph G.47. The erratic high/low nickel 
and chromium concentrations within the cell could equally have been 
vice versa depending on the probe passing through a carbide rod or 
not. An extreme but not uncommon result of this kind of continuous 
growth is exhibited in fig. 51 where precipitation has created 
individual blocky particles at the base rather than enlarging the 
existing rods. The heavier example of fig. 48 has the concentration 
profile of graphoG.48. The one percent fall in chromium towards 
the base begins two m1crons into the host grain, and is matched 
directly by an increase in nickel. Inside the cell, concentrations 
become not surprisingly erratic and in front of the cell there is 
a slight profile before returning to uniform compositions. This 
exemplifies what is considered to be the state of an 'extinct' cell. 
The extent of the profile from the cell base into the host grain is 
compatible with the distance from the base of the cell to the limit 
of the small profile in the retreating grain. It is probable therefore 
that the advancing cell"had been overtaken by Chromium diffusion in 
the retreating grain which must by the very nature of discontinuous 
precipitation then bring about its rapid halt. 
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5.5. SUMMARY 
1. Four types of continuous precipitation have been identified on 
boundaries; dendritic (fig. 28); facetted (fig. 30); complete 
spread (fig. 33) and on non-coherent twin (figs. 35, 36 and 37). 
2. Observation of precipitates at the base of discontinuous growth 
and comparison to continuous growth has led to a proposed 
mechanism of cell initiation. 
3. Grain misorientations appear to influence mode of precipitation 
according to visual evidence. Also preferred directions of 
discontinuous precipitate growth sometimes transpire. 
4. Extensive measurement of discontinuous precipitation has revealed 
important characteristics of the kinetics of growth. In particular, 
size distributional changes with variations in grain size and time 
and temperature of ageing are reported. Where possible explanations 
for the phenomena have been given with reference to quantified 
incidents such as pinning modes. 
5. Grain misorientations were found to be lacking in low-angle cases 
otherwise they \'Iere of a random nature. 
6. No preferential discontinuous precipitate growth directions were 
discovered in samples aged at 7000 C but at 8500 C there was a 
definite tendency towards (110) in the advancing grain. This was 
more common in cells of deeper growth, smaller rod diameter and 
with larger sections along the boundary. 
7. M-solute concentration profiles down to growing discontinuous 
precipitate cells were not detected at 700oC. However, slight 
gradients of Chromium were present to the base of cells, thus 
showing degrees of continuous precipitation there. 
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Chapter 6 
DISCONTINUOUS PRECIPITATION - THEORY AND DISCUSSION 
Existing theories on discontinuous precipitation are documented in 
the introductory chapter, section 1.4. The important distinction 
of discontinuous precipitation of carbide is that Carbon must 
diffuse to the cell from the general matrix. This causes a deviation 
from the accepted growth proportional to time kinetics because 
carbon/depletion must occur. This phenomenon imposes a further 
growth factor which has been utilised to uniquely define precipitation 
without direct resort to change in free energy considerations. These 
are difficult to evaluate in practice. 
6.1.1. Growth Mechanism 
A simplistic view of discontinuous precipitation is taken by 
considering-the central growth_of a cell. Experimental observations_ 
made in the previous chapter show this to be a planar advance 
perpendicular to the original grain boundary. The pinning at the 
cell edges distorts ,regular growth over a relatively short distance 
so that in most cases the centre of the observed cell section is 
representative of the whole cell. In this region, carbon diffusing 
to the boundary from the matrix is matched by M-solute diffusing 
along the boundary. The discontinuous cell is initiated when 
nucleation on the boundary is complete. This is when those nuclei 
which have overcome the energy barrier to embryo formation have 
saturated the boundary with their solute catchment areas so that 
further nucleation is prevented. Precipitation continues by the 
migration of the grain boundary in favour of the host grain. During 
the transfer of atoms from the retreating to the host grain, M-solute 
is channelled to the rod precipitates growing perpendicular and in 
unison with the cell boundary. 
Individual precipitate rods within the cell are treated on a 
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competitive basis. Each exerts an area of M-solute control along the 
boundary which meets adjacent catchment areas at a border of boundary 
M-concentration equal to that of the forward matrix. As growth rate 
decreases these areas are extended resulting in a continual extinction 
of less favourable precipitates. These will be the smaller in the 
group since the effect of not being able to match the influx of 
carbon with M-solute will be greater. The balance must be maintained 
by a faster cell boundary advance which is opposed by the energy 
needed to form extra boundary in the created bulge. Solute is then 
diverted to the surrounding larger precipitates and the process 
eventually leads to extinction. 
6.1.2. M-Solute Diffusion Controlled Growth 
By definition an M-concentration gradient cannot form in front of 
the advancing boundary during discontinuous precipitation. Diffusion 
of M therefore takes place within the boundary and th,e resultant 
concentration proJiJ..e_in_the boundary plane is shown in fig. 49. 
-------
This profile is deposited in the wake of the cell boundary. The 
carbon supply to the growth front will be initially assumed 
instantaneous so that matrix Carbon diffusion must be infinitely fast. 
Balancing the M diffusing to the precipitate with the M forming the 
carbide and assuming the convenient triangular concentration profile, 
we obtain 
where 
Therefore 
-2 
~ . 
2 
= 
ds 
+ dt 
v'D£. dt' 
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from 
= 0 
Also dt must be the time -taken for the boundary to pass a paraller 
plane since boundary diffusion cannot take place outside the boundary 
i.e. dt = 5/Vb where 5 is the boundary width and Vb the boundary 
velocity. 
6.1.3. Carbon Matrix Diffusion Controlled Growth 
The second limiting factor to discontinuous precipitation is carbon 
supply from the matrix. Rapid growth rates , brought about by 
easy access to M-solute via grain boundary migration and diffusion, 
induce carbon concentration gradients to the boundary. Grain 
boundary diffusion of carbon will be extremely fast and may be assumed 
'infinite when compared to that of M. 
Fig. 50.b shows the concentration of carbon perpendicular to the 
cell-boundary, the curve being defined by the solution of Ficks second 
law where 
p -a (r ) a9 -a 
c • erf -~-- + x a Pc 
2 VD. t' 
•••••• 6 (iv) 
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where p -a = partial molar density of carbon in solution. c 
The amount of Carbon reaching a catchment area Av on the boundary 
to supply the growing precipitate rod is given by a similar treatment 
by Aaron and Aaronson (1968), 
(:) = AV· Dvc· d [ x (r, t) ] r ...... 6 (v) dr = 0 
Differentiating equation 6 (iv) 
[:] = [( x fl( - x: S 1) r = 0 (IT D. t)2 I • exp (:::)]r d 
...... 6 (vi) 
Therefore 
dIn 
dt = 
1 
D2 
c ) . 
This carbon produces carbide according to 
dIn 
dt = 
dIn dV 
dV· dt 
where V = volume of carbide. 
Increase in density of carbon in forming carbide 
dIn 
dV = 
as 
x IX (r) ) . p -a c 
Increase in volume of carbide with time is 
dV 
dt = 
ds 
dt 
2 
IT r 
where ds = rate of boundary advance 
dt 
and r = radius of particle. 
Substituting in equation 6 (viii) 
- 118 -
. •.... (vii) 
...... (viii) 
•.•••• 6 (ix) 
•••••• 6 (x) 
ds 
dt = 
Ideal Case 
aB ) 
xIX 
••••.• 6 (xi) 
Since boundary diffusion of M is extremely rapid, it may be initially 
assumed that there is a total extraction of M from the boundary. 
Hence the amount of M creating precipitate is removed from the 
matrix consumed by the moving boundary. 
ds Z ~-B ds AV· -a dt· nr . = dt· CM 
Z AV. 
-0( 
r = 
CM •••••• 6 (xii) 
n c::=a M 
Equation 6 (xi) becomes 
-& 1 aB ds CM D~ (xIX - X IX ) 
= 
c 
dt CM-S --,- (x a xIX8 ) I n 2 IX 
•••••• 6 (xiii) 
Which integrates to 
1 
S = [ Constant. t~ + C' ] t = t 
t = 0 
This integration 
f +. dt 
follows the standard mathematical formula 
put U = t~ 
t~ 
= Ic dt u· due du 
= I~. Zu. du 
= I ZC.du = ZCU· + C' 
1 
= Z C t"2 + ct 
i.e. S = Constant. 
so 
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t = uZ 
dt = zu 
du 
6 (xiv) 
Where Constant = 
D~ 
c 
----re 
n~ 
a8 ) 
-xCI( 
The velocity of motion of the cell boundary is therefore determined 
to be proportional to square root time. It is independent of the 
rod precipitate radius and the extent of the solute catchment area 
on the boundary which are controlled by equations 6 (xi) and 6 (xii) 
and 
ds 
= dt 
~-c 
C -Cl( 
M 
% 2 
n .r 
Di 
c 
2 
-n r 
a8 
-Xa(r) 
a8 
- xt.( 
) 
) 
These do not rigidly fix r and Av since a finite catchment area must 
be bounded by a diffusion range which in this idealised case is 
postulated as infinite. This is supported by an energy consideration 
Which neglecting boundary curvature tends towards a small precipitate 
surface area to volume ratio i.e. one large precipitate in the middle 
of each cell. The equations are nevertheless important in that they 
are the base on which more rigorous calculations can be built. 
6.1.4. Intermediate Control 
Since complete growth control by the diffusion of either M or carbon 
relies on infinitely fast diffusion of the other then real situations 
must lie somewhere in between. A combination of the two idealised 
cases is proposed where the equilibrium concentrations of M and 
carbon at the precipitate/matrix interface is dictated by the 
solubility equation 3 (xiii). The extremely high boundary diffusivity 
of carbon relative to M is still assumed so as to extend the 
equilibrium carbon level along the cell boundary. 
It is assumed that growth control changes from one ideal case to the 
other according to the boundary velocity. The start of growth is 
typified by very thin precipitate rods close together which is 
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indicative of fast boundary motion. This follows the control by 
M-solute diffusion, equation 6 (iii) where the initial uniform 
distribution of both M and C favours a ready supply of Carbon. Here 
the equilibrium level of M at the precipitate is given by the 
solubility equation with the carbon concentration equal to that of 
the general matrix. As growth proceeds, carbon supply from the 
matrix to the boundary gradually decreases and stifles the rate of 
precipitation. Thus Carbon matrix diffusion takes over growth control 
as the slower boundary movement permits an easier M-solute supply 
by boundary diffusion. The extreme is theoretically when the carbon 
concentration gradient is not being steepened by an advancing boundary 
and complete M-solute removal from the consumed matrix is possible. 
In reality this stationary boundary condition is hastened by the 
creation of an M-solute concentration gradient when the boundary 
movement becomes 'slower' than M-diffusion in the matrix. The 
critical boundary velocity is therefore dependent on the setting up 
of a solute differential across the atom planes in the forward matrix 
parallel to the boundary. This corresponds to a flux of matrix atoms 
into the boundary i.e. 
Interplanar distance> Velocity of 
Time for mean diffusion over interplanar distance Boundary 
Interplanar distance = a 
Since mean diffusion distance = a = 2 
Time for diffusion over interplanar distance, ta = a 
Critical Velocity = distance time = ...... 
a 
6 (xv) 
A boundary velocity below this critical velocity causes rapid 
degeneration of discontinuous growth to continuous growth since 
M-diffusion depletes the matrix ahead of the boundary of M-solute. 
The envisaged change in carbon concentration at the advancing boundary 
with boundary velocity is shown in figure 52.a. The concentration is 
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approximately proportional to the power eight of the ratio of boundary 
velocity to the maximum starting velocity which is dictated by the 
nucleation characteristics of the boundary. This is explained by 
the following. 
Boundary thickness 
= 
Time for boundary to traverse thickness dt 
Half initial interparticle (rod) spacing, rIP = iDEM .dt' 
•••••• 6 (xvi) 
This is used in the equation describing carbon concentration, 
0:8 (V J6/ 6 
- Xc ( CH~a trix~ \v: 
•••••• 6 (xvii) 
The 46/6 relationship stems from the 6/23 relation of the equilibrium 
carbon concentration with the enforced H-solute concentration. This 
varies according to the inverse square of velocity since it depends 
on the solute supply from the boundary area. A faster boundary 
gives less chance for M diffusion down the boundary gradient to the 
precipitate and vice versa. The constants in the equation are defined 
by the extreme conditions i.e. the maximum velocity when the initial 
matrix carbon is dominant and the minimum (zero) velocity when matrix 
M is dominant (if a M diffusion gradient in the matrix is assumed 
not to be set up). 
CM proportional to 
and Xc proportional to 
So Xc proportional to (- - - -1 - - ~46/6 or 
Velocity) 
46/6 ( Velocity) 
The actual area on the cell boundary supplying carbon to an individual 
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precipitate is defined by the extent of M-solute boundary diffusion 
1DM. At. This is shown diagramatically in fig. 50.a where adjacent 
boundary carbon follows the transport of M-solute to neighbouring 
rod precipitates. 
6.1.5. Effect of Grain Boundary Area per Matrix Volume 
The theory presented so far has assumed an infinite volume of matrix 
in front of the advancing interface so that the error function 
concentration profile of carbon can extend indefinitely. In a 
multigrained alloy, the profile is limited by the extension of 
profiles from other directions. Grain diameters are normally large 
compared to the growth of discontinuous precipitates and so a planar 
growth front may still be assumed. Grain diameters are, however, 
relatively small when considering the distances covered by Carbon 
diffusion during growth times. The situation is further complicated 
by continuous growth on parts of the boundary and on the base of 
discontinuous precipitate cells, e.g. fig. 51. It will therefore 
be assumed that a proportionate volume of matrix to the grain 
boundary controlled by a growing precipitate, extends with uniform 
cross-section from the boundary. This applies to continuous and 
discontinuous precipitation alike since the range of Carbon diffusion 
will be similar for both. The effect will be manifest in the carbon 
controlled growth. 
Fig. 52.b shows the carbon concentration gradient as a function of 
perpendicular distance in front of a precipitated boundary. The 
error function profile is again approximated to a triangular gradient 
of base 1 D.t and two situations arise: 
(i) Profile range less than the matrix limitation 
i.e. 1Dc.t < I 
Similar to equations 6 (iv) to 6 (xi) 
x (r,t) 
== 
r 
.-+ 
VDc t 
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dx 
dr 
dIn 
dt 
= 
= 
ex9 -0( / (x ex - Xex ). Pc ·~t vDc ·1. 
Av.Dc •. '6 -ex 
~Dc·t 
ex9 (x ex - Xex ) 
1 
~ Av·Dc (x ex Boundary velocity, Vb = 
'I 
t 2 • n .rp 
2 (x 9 
exa 
- Xex ) ..... 6 (xviii) 
1X8 
- x ex ) 
(ii) Profile range greater than the matrix limitation and is 
assumed to be truncated at this point 
i.e. ~Dc.t > 1 
-Matrix C concentration is then defined by 
x (r,t) = 
1 ex9 _ex 
(x • - - Xex ) Pc 
ex "Dc. t 
with gradient at the boundary 
Increase in mass of precipitate, 
1 
-ex p 
c 
r 
1 
1)(9 
dm -ex L:c".t 
~ex 
p 
= Av· Dc. -dt c 1 
Therefore 
Boundary velocity, Vb = Av·Dc • 
~ 
n.rp 
+ 
l 
exa 
xIX ] 
--1-
...... 
-ex P 
c 
6 (xix) 
The solute and carbon catchment area to each rod precipitate along 
the grain boundary is given by 
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• Tt •••••• 6 (xx) 
Hence 
(i) 1Dc ·t < 1 
[ 1 + 2D:sM~· 6~ ] , as l13M. /) Dc2 (x a - xa ) Vb = i + .~. as 2 2 (x 8 ) rp. Vb Vb.rp t - xa 
or 
[1 - Vb.t~ as [ ~ 'J t ] (x S· - xn: )] 2 D:sM • /)2 DBM. /) I • ae rp + 2. Vb~ rp + Vb = 0 D2 (x lX - xa ) c 
•••••• 6 (xxi) 
(ii) 1Dc .t > 1 
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6.2.1. Computation of Discontinuous Growth Kinetics 
The growth of discontinuous precipitation has been shown to be 
defined by two types of equation. Equations 6 (xxi) and 6 (xxii) 
originate from carbon control and may be considered as the 
quadratic 
2 (1 - a).rp + .b.rp + c = 0 
where Vb (x 8 _ x ex8 ) IX 
( i) 
a = 
b = 
c = 
a = 
- . ( .8) Dc xa _ xa 
"Dc.t -1-
1 1 
2 D£M2 • 6 2 
::r: 
Vb 2. 
2 
+ b.r + c) / rp p 
For "Dc. t < 1 
1 2 + c) t2 = (rp + brp 
2 
rp 
(ii) For "Dc t > 1 
or 
Vb (x S 
1X8 ) (r 2 
- xIX + br 
= p p 
Dc .e) 2 ~ X. xIX r 
"Dc.t-
p 
1 
[ as , xa (x ex - x IX ). Vb· a = = 
"Dc·t 2 (rp + b~) + c). Dc 
2 
t = xa 
t 2 a .Dc 
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I 
D2 c 
+ c) 
2 
rp 
+ 
•••••• 6 (xxiii) 
( a8 ) Xa - xIX 
•••••• 6 (xxiv) 
exS ] xa 1 
...... 6 (xxv) 
The second defining equation is from M-solute diffusion control 
along the boundary. This is connected to the first via equation 
6 (xvii) which describes the equilibrium carbon concentration at 
the precipitate/matrix interface (and boundary) as a function of 
boundary velocity. The cubic equation 6 (iii) can be used to 
determine precipitate radius during growth by representing it as 
Y = 
where 
e = 
f = 
g = 
h = 
e.rp
3 + f.rp 
2 
1 
6 iDJ3M.dt 
~ [ -8 
(CM -
( -et CM -
iDBM.dt 
2 
DJ3M·dt 
6 
+ g.rp + h = 0 •••••• 6 (xxvi) 
-IX ) 
+ 1 ] 
CM 
~81X ) 
This equation has three roots, r lX ' r~ and r't which may be 
characterised by the curve in figure 53, the shape being dictated 
by the combined rp 2 and xp 3 curves. The maxima and minima are found 
from zero gradients by differentiating equation 6 (xxvi) 
dY 
dr . 
= 
2 3 e.rp + 2 f.rp + g = 0 
P 
which has roots - ·2.r+ ..J4.f2 -12 e.g 
6.e 
- 127 -
•••••• 6 (xxvii) 
The terms used in constants e, f, g and h are indisputably positive 
with -8 -a -a CM 8~ therefore the value within CM > CM ~~ > , 
the square root will always be greater than 2f since g is always 
negative. Consequently the maxima W'ill have negative and the minima 
positive rp and due to the negative nature of h, the intermediate 
root r~ and of course r~ will always be negative. The third root 
r l must be positive and is therefore the only practical solution 
to the cubic equation. This may be found by taking the rp at the 
minima which has negative Y and an arbitrary larger rp which gives 
positive Y and adjust rp respectively until zero Y is obtained. This 
is a procedure which is ideal for computer calculation. 
The prime objective of this exerClse was to predict the depth and 
precipitate diameter with growth time. Mathematical integration of 
the growth velocity, Vb is made inconceivable by its interrelation 
8~ 
with nearly all the terms in the equations (Note that dt, XM and 
CM
8a depend on Vb). A computer program was thus written to determine 
growth kinetics following the theory above. The listing is given in 
Appendix 6 and the flow diagram in figure A.6.1. The change in cell 
growth velocity with time is of the form shown in figure 54. The 
program is based on determining boundary velocities within equal 
time-increments computed from the time when discontinuous precipitation 
breaks down i.e. when M-solute can diffuse into the boundary from the 
forward matrix. Growth distances can then be derived by adding the 
areas in the columns of the histogram produced. Accuracy may be 
optimised by increasing the number of time increments until negligible 
change in results is obtained. Typical input and output is given at 
the end of Appendix 6. 
6.2.2. Sources of Data 
Direct diffusion data for Nimonic 80A could not be found in the 
available literature. Values were therefore extracted from references 
to comparable alloy systems. Table T.18 lists the diffusion constants 
most applicable. 
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Chromium Diffusion - Considerable data has been reported for steels 
and these are included to give an indication of the magnitude to be 
expected of diffusivities. The closest data to Nimonic BOA was, 
however, for Inconel-600 which has a composition of 7B.4% Nickel, 
14.9.1~ Chromium and 6.1% Iron and is therefore close in combined 
chromium and iron i.e. M-solute. It will be noted that grain boundary 
diff'usivities are quoted in terms of the boundary 
thickness, 6 over which there is a general difference in opinion of 
its value. Twice the atom size of around 0.5 nm was once accepted 
but this was based on measurements of changes of composition across 
the boundary mainly by auger spectroscopy. Recent reports particularly 
by Bernardini, Gas, Hondros and Seah, 19B2, indicate that this is 
probably an overestimate due to the phenomenon of grain boundary 
segregation extending somewhat into the adjacent matrix. A more 
likely value is put at between 0.1 and 0.2 nm where the boundary is 
defined as the channel through which the bulk of grain boundary 
diffusion occurs. 
Carbon Diffusion - Even less diffusion data was found for carbon but 
values were consistent for steels and nickel matrices. The constants 
for nickel with ~fo Chromium were used. 
Matrix Interplanar Spacing - This value is used in the calculation 
of the critical cell boundary velocity below which continuous 
precipitation takes over. It may vary from the lattice parameter of 
the matrix of 0.35 nm downwards according to the close packed planes 
in the receding grain lying parallel to the cell boundary. Note that 
it plays no part in the cell growth kinetics until the minimum 
velocity is reached. 
Grain Boundary Area-per unit volume of matrix - Taken from grain 
boundary length measurements in sections of the material. Consider 
the grain condition following heat treatment at 10Booc with no 
modification due to prior deformation (i.e. 'Normal' grain size). 
Graphs 6 and 7 show there to be approximately 0.05~m of grain 
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boundary to every ~m2 of section. The average inclination to the 
plane of cross section will be 450 hence the area of boundary per 
unit volume is 0.05/Cos 450 = 0.071 l1m2/ l1m3 • Similarly, the 
'Small' grain size == 0.089 l1m2/ ~m3 and 'Large' grain size = 
0.036 ~m2/ l1m3 determined from Graph 9. 
Interparticle distance along grain boundary - This is a parameter 
describing the nucleation characteristics of precipitates prior to 
cell boundary movement. It is different for each grain boundary and 
decides if discontinuous precipitation can occur since too wide a 
spacing promotes continuous growth. An indication of its value may 
be obtained from micrographs such as figure 41 which is of the order 
20 run. 
Solubility Constants - As determined for M23C6 in chapter 3. 
Concentrations - Also determined in chapter 3. Since a sample treated 
for 2 hours at 10800 c was not analysed, values were taken from the 
nearest treatment i.e. 2 hours at 11000 C in table T which is expected 
to be similar. The large and small grain size cases are suspected 
to have lower matrix Carbon concentrations. 
6.2.3. Results 
Output for the normal conditions of discontinuous precipitation at 
7000 C is displayed in graphs G.49.a to d. 
a) The cell boundary velocity is seen to drop rapidly with time over 
the first stages of growth but then levels out to gradually reduce to 
the breakdown velocity. This is the result of a rapid initial supply 
of carbon to the cell as a carbon concentration profile is set up 
from the uniform matrix content. Once established the profile 
delivers carbon at a more constant rate. 
b) This is also reflected in subsequent graphs. The depth of growth 
becomes almost proportional to time following an initial burst of 
speed. At the maximum depth shown the curve would then deviate 
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sharply to the horizontal as the replacement continuous growth 
mechanism halts the cell movement. 
c) The precipitate radius and the associated radius of solute 
catchment area expands quickly from the nucleus. This must 
simultaneously cause the extinction of a large number of precipitates 
growing from smaller nuclei. The sizes then stabilise to a 1 to 5 
respective ratio. 
d) This diagram shows the true relation of an individual precipitate 
length to radius. The outer curves indicate the extent of the 
solute catchment area along the cell boundary and the inner curve 
the precipitate cross section as the precipitate grows. The numbers 
related to the stages of growth indicated by the vertical lines show 
the time of ageing in seconds. This diagram will be used as a 
general definition for theoretical growth of a discontinuous precipitate. 
6.2.4. Comparison to Experiment 
The experimental measurements from graph 34 are reproduced in graph 50 
together with the simulated growth of a single discontinuous precipitate. 
It should be emphasised that termination of a cell in practice will be 
at a much earlier stage than the shown theoretical maximum. This is 
because the terminating boundary velocity will be higher when the 
parallel planes in the receding grain have the more usual short 
spacing so that a solute concentration profile can easily be set up. 
The cell length attained would normally be lower than the cut off 
length shown for the (022) case on the graph 50. Also the experimental 
growth is an average of all observed cells and unavoidably includes 
cells which have ceased growing at an earlier stage. This means that 
a greater deviation from the continued growth of a single cell occurs 
as time goes on. The graph does however show the scale of differences. 
A better perspective is obtained by reference to the graphs of 
individual precipitate measurements of depth versus diameter, graphs 
G.24.c, 25.c and 26.c. Isolated cases of the predicted rapid growth 
have occurred after 4 minutes ageing and more deeper cells are 
recorded after 16 minutes. The spreading of precipitate diameters 
- 131 -
in the 4 hour specimen clearly heralds the take over by continuous 
growth. In the more comparative shorter aged specimen, average 
growths are of the order two or three times slower than theory. 
Comparison of average precipitate radius at the growth front against 
theory is made in graph 51. The influence of extinct cells on the 
experimental average is to almost give proportional increase with 
depth. Observation of the pictures of individual cells e.g. figure 
8 certainly show this to be a misrepresentation. The early growth 
stages appear to show cells to be 0.6 the radius of the theoretical 
determination. The deeper cells after 4 minutes and 16 minutes at 
7000 C in graphs 24.c and 25.c, however, indicate a precipitate 
radius closer to that of theory. The large proportion of shallower 
cells may therefore contain the majority of 'dead' cells, the deeper 
cells being in a state of growth. 
The predicted shape of precipitates in graph 49.d also match the 
experimental observations. The typical cell shown in figure 8 
exhibits average rod precipitates similar in proportion when it is 
considered they have only reached a length of 875 nm. It is not 
known whether this cell is still in the process of growth. Although 
a number are undoubtedly cut by the foil surface, it does seem that 
some precipitates have been stunted in growth particularly near the 
base of the cell. This is in agreement with the predicted major 
spreading in diameter early in the proceedings. It is though that the 
distinct widening of a few of the precipitates along their length 
is due to the take over of solute catchment areas on the boundary 
from those becoming extinct. 
6.2.5." Local Variation in Cell Growth at 7000 C 
Discontinuous precipitates vary considerably in size in a particular 
specimen. Apart from the possibility of differences in overall values 
due to experimental error and the use of data from other materials, 
localised variations must occur. These would mainly originate from 
the individual characteristics of grain boundaries. The orientation 
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of one grain to the other and the lie of the boundary are known 
to influence both grain boundary diffusion and the number and 
favourability of possible nucleation sites. The number of nuclei 
eventually established to induce cell growth impose3a further 
variation in that only those unified in allegiance to the host grain 
must be considered. Nucleation characteristics were empirically 
defined by the parameter of distance between the bases of cell 
precipitates. This was averaged from the few micrographs which gave 
a perpendicular view of the boundary and so a large discrepancy is 
possible. The theoretical effect is summarised in graph 52.a and b 
in which the difference in scaling must be noted. A larger parameter 
i.e. a smaller nucleus density creates a slightly lower rate of 
growth and termination at a shorter time and length. It is almost 
like starting precipitation at different stages of growth and can 
certainly produce a variation in final cell sizes. 
The minimum velocity at which a growing cell breaks down to 
continuous growth is dependent on the orientation of the receding 
grain to the boundary. The interplanar spacing of the parallel 
closest packed plane dictates this criteria and the given determinations 
permit the maximum growth to occur by using the lattice parameter 
0.35 nm. Termination must be expected to occur in practice almost 
anywhere along the predicted precipitate length barring the initial 
high velocity section. The (111), (002) and (022) planes for instance 
have spacings of 0.204, 0.176 and 0.125 nm respectively. The cut off 
points are marked on graph 50 at depths where a M-solute concentration 
profile can be established by M diffusing across the planar spacing 
before the cell boundary consumes the plane. 
Grain boundary diffusivity is shown not to significantly affect the 
rate and termination of cell growth in the comparison of graph 53 
with graph 49.d. This discounts any modifications to the nucleation 
state. A lower diffusivity does, however, reduce the radius of the 
precipitate and solute catchment area due to a greater control of 
growth by M-solute supply. 
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6.2.6. Effect on Theoretical Cell Growth by Erroneous Material 
Constants 
The solubility constants were determined in chapter 3 and although 
they are the only acceptable data available for Nimonic alloys, 
considerable margin of error must be allowed for. The solubility of 
M23C6 was found for the range 1020 to 1160
0 c but fortunately graph 
20 indicates a stabilising of matrix carbon concentration in 
equilibrium with the matrix M-solute below 10000 C. The relatively 
large alterations of doubling and halving the equilibrium carbon 
concentration at 7000 C produced negligible difference in growth. 
This is due to the majority of growth being under carbon diffusion 
control. Such variations in the base level of the carbon 
concentration profile (6 to 25 x 10-6 at 0/£) become insignificant 
\/hen compared to the general matrix level of 80 x 10-3 at.%C at the top 
of the profile. 
Diffusion constants are generally determined from tracing the influx 
of radioisotopes into an alloy from surface deposits. Volume 
diffusivities have been well established by consistent results over 
a long period of time. Grain boundary diffusivities (DGB.6) however 
are not so well founded and are quoted in some references as being 
within an order of magnitude. The uncertainty arises from the 
calculations necessary to account for lateral diffusion into matrix 
from the grain boundaries. The actual value of grain boundary 
thickness is not critical in the present work because mass transport 
is the main interest. A mere halving of diffusivity was shown in 
the previous section to cause a reduction by one-fifth of the 
precipitate diameter. This may therefore be the source of the 
overestimation portrayed in graph 51. 
Carbon diffusivity is often given to ~ 1~~ accuracy but few reports 
state it in terms of carbon composition. A derivation by Tibbetts, 
1980, produces a 1~~ lower diffusivity at 7000 C for a drop from O.Oo/~ 
to O.04%wt Carbon in steels. A proportional adjustment may also 
be needed to the data used here which was for Nickel with unspecified 
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Carbon. Furthermore, there is the unknown effect of about 2~~ extra 
alloying elements. If a lower carbon diffusion should be used, 
graph G.54.a indicates that the extreme of a magnitude difference 
could reduce predicted growth rates to those seemingly experienced 
in practice. 
A similar change in growth rate is caused by a lower initial matrix 
carbon concentration. Graph 54.b shows a reduction by half of the 
calculated value to reduce the carbon supply rate to a growth level 
nearer to the measured rates. Removal of matrix carbon is thought 
to have occurred in the specimens processed to incur 'large' and 
'small' grain size states. The extra 8 hour solution treatment at 
10800 Cis suspected of having reprecipitated carbon as Ti(C,N) and 
M7C3 carbide to an unknown extent. Theory concurs with this 
explanation for the samples having smaller average cell growths 
than the 'normal' specimen, graph G.32.b, c and d. The similar 
final precipitate diameters (assumed complete after 4 hours) in 
graph 33 are also predicted. However, a major discovery was that 
negligible change in cellular growth rate was theoretically shown for 
the variations in grain size studied. Difference in nucleation 
characteristics of the highly curved boundaries in the 'small' grain 
size sample must therefore be the reason for shorter cell growths 
compared to the 'large' grain size. The premise of cells beginning 
growth at 'later' growth stages is backed up by the large amount of 
continuous precipitation in the 'small' grain size. Here nuclei 
are so far apart that cells cannot be initiated which may be 
conjectured as starting at past the breakdown situation. 
6.2.7. Growth at 8500 C 
Graph 55.b shows the theoretical growth at 8500 C which is for a 
nucleation parameter of 20 nm for comparison with 700oC. Observations 
show the actual value to be around 30 nm as in graph 55.c. The general 
increase in diffusivity promotes an extremely fast rate of growth 
and termination at a much shorter length. High boundary diffusion 
also plays an important part in restricting the density of grain 
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boundary nuclei. Since the establishing of nuclei should be easier 
at 8500 C the high nucleation parameter must be. the result of fewer 
highly favour~ble nucleation sites along the less tight boundary 
and the rapid eradication of neighbouring embryo once formed. The 
· increased continuous precipitation is indicative of the advanced 
beginning of growth as proposed for the small grain" size specimen. 
The experimental results for 8500 C may be obtained from graphs G.34 
and 35. The constant depth of growth and the spreading of precipitates 
along the boundary following a 350 sec. age are signs that cell 
growth was rapid and degenerated to continuous precipitation early on. 
This is in keeping with theory which forecasts termination of cells 
in the order of seconds. It is logical that growth becomes less 
favourable as matrix diffusion approaches that of boundary diffusion 
with increase in temperature. 
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6.3.1. Discussion 
The proposed hybrid growth of discontinuous precipitates via 
boundary M-solute and carbon diffusion cont~ol has predicted M23C6 
morphologies similar to those observed in practice. Owing to the 
interference by an undefinable amount of terminated cells, the 
comparison of theory to average experimental growth kinetics was, 
however, difficult. Isolated cases approached predicted growth 
dimensions but generally measured cells were shorter and precipitates 
thinner than forecast. This may have been due to overwhelming 
numbers of 'dead' cells produced early in growth. Alternatively the 
lack of direct data for Nimonic 80A may have affected the theoretical 
determinations. Grain boundary and carbon diffusivities in particular 
have been shown to be susceptible to error and capable of modifying 
theory to within bounds of experimental values. Nevertheless 
determinations are close enough to give credence to the proposed 
growth mechanism. The main premise is that the rapid growth of 
M23C6 discontinuous precipitates must involve the participation of 
carbon diffusion. Carbon has previously been given a passive role 
in the slower kinetics of continuous precipitation and has unwittingly 
been assigned the same role in discontinuous growth. In the light 
of the present work, a further type of grain boundary discontinuous 
precipitation reaction should be added to those outlined by Williams 
and Butler, 1981. This would be a pseudo-discontinuous form in that 
the discontinuous nature applies only to the elements in substitutional 
solid solution and not to interstitial solute such as Carbon. 
Discontinuous precipitation of M23C6 in nickel-based superalloys has 
recently been of great interest because of its deleterious effect on 
mechanical and chemical properties. For instance, it is reported 
that in Waspalloy it causes a significant decrease in high temperature 
ductility (Kotval and Hatwell, 1969) and in Incolay 825, grain 
boundaries are sensitised to intergranular corrosion (Raymond, 1968). 
Two controlling factors have been confirmed in this chapter, both 
based on modifying nucleation. Smaller grain size is shown to 
restrict cellular growth, not by saturating the structure with sites 
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for precipitation but more likely through altering the nucleation 
characteristics of the grain boundary. It will be remembered from 
the previous chapter, that there was no statistical difference in 
the lengths of cell section measured along the grain boundary. The 
proportion of grain boundary with continuous precipitation, however, 
was much higher in the small grain sized specimen. This suggests 
that discontinuous precipitation took place along boundary similar 
to that which occurred in the larger grained conditions and the 
increased amount of highly curved boundary hosted continuous growth. 
Nucleation on the varying boundary would not be regular enough to 
initiate cellular growth. The second restriction was found to arise 
from ageing at higher temperatures. Here nucleation was observed 
to be less dense due to much faster grain boundary diffusion. Also 
where initiated, discontinuous growth was terminated at an earlier 
stage because M-solute matrix diffusion was able to quickly establish 
a concentration profile. It can be inferred from this that where 
ageing at a low temperature is necessary to produce a fine " 
precipitation, cellular growth can be eliminated by applying a short 
anneal at a higher temperature to nucleate continuous growth. This 
has been inadvertently carried out in the past by a slow cool from 
solution treatment temperature. A short arrest in cooling around 
9000 C would, however, ensure that the faster cooling thinner sections 
would not be susceptible to discontinuous precipitation. 
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Chapter 7 
SU~1ARY AND DISCUSSION 
7.1. CONCLUSIONS 
a) Effects of Solution Treatment 
(i) Phase extraction and X-Ray diffraction techniques were used 
to identify the carbides present in Nimonic 80A. A preliminary 
survey revealed how their presence was affected by high temperature 
anneals. 
(ii) A more detailed investigation was then conducted to give 
a quantitative assessment of the carbide phases. This involved 
monitoring the weights of extract and determining the relationships 
between proportion of phases to their intensity of X-Ray diffraction. 
(iii) The amount of solute, particularly carbon, tied to carbide 
phases in the solubility ranges of H7C3 and M23C6 was used to 
determine solubility constants:-
For M7C3 , 'In [cM7/3. Cc] = 
= 
-43000 
R.T 
-58000 
R.T 
+ 5.16 
+ 8.4 
where concentrations are in atomic fractions and temperature is 
absolute. 
(iv) The effect of dissolution of carbide particles on grain 
size was observed in etched sections of the alloy. Distinct patterns 
of grain growth were found dependent upon remnant particle distributions. 
(v) True particle size distributions were computed from 
measurements in etched sections. 
b) Dissolution of Carbide 
(i) Conventional dissolution theory was found inadequate for 
systems involving fast diffusing interstitial atoms such as Carbon. 
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(ii) A computer simulation of dissolution of a spherical MACB 
particle was devised. This has given a deeper understanding of the 
way carbide particles can be expected to behave during solution 
heat treatment. 
(iii) M23C6 carbide coarsening was determined to be significant 
at solution treatment temperatures. 
(iv) M23C6 carbide was found capable of continued dissolution at 
solution treatment temperatures to reprecipitate in the form of 
M7C3 and carbon-rich Ti(C,N). 
(v) M7C3 was shown to transform to M23C6 at temperatures of 
10200 C and below by a dissolution and reprecipitation rather than an 
'in situ' process. 
(vi) Ti(C,N) was suspected of dissolving during 'service' anneals 
at 7000 C with detrimental consequences. 
c) Observation and Measurement of Boundary Precipitation 
(i) Four types of continuous precipitation were identified on 
boundaries; dendritic, facetted, complete spread and on non-coherent 
twin. 
(ii) A mechanism of discontinuous precipitate initiation was 
proposed based on a comparison with continuous growth. 
(iii) Transmission electron microscopy gave visual evidence for 
the influence of grain misorientation on the mode and direction of 
grain boundary precipitation. 
(iv) Extensive measurement of discontinuous precipitates revealed 
important characteristics of growth. 
(v) A preferential (110) growth direction of discontinuous 
precipitates was discovered in samples aged at 8500 C but not at 700oC. 
(vi) An M-solute concentration gradient was not detected in front 
of the interface of advancing discontinuous precipitates. A slight 
gradient to the base of some of the cells did, however, reveal some 
degree of continuous growth taking place. 
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d) Theory of Discontinuous Precipitation 
(i) A hybrid mechanism for the growth of M23C6 discontinuous 
precipitates was developed which made use of computer integration. 
The results predicted morphologies similar to those observed in 
practice and kinetics which gave credence to the participation of 
carbon matrix-diffusion controlled growth. 
(ii) Theory confirms the high dependence of discontinuous 
precipitation on grain boundary nucleation and the direction of growth 
into the receding grain. 
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7.2. DISCUSSION 
The object of this work was to conduct a thorough investigation into 
the processing applied to a commercial nickel-based superalloy. 
Ultimately, a clearer path to development of such alloys was expected 
to be found. Nimonic 80A was chosen as the test alloy because of 
its relatively simple structure which is not susceptible to the 
formation of complicating phases such as sigma and mu types. It 
does, however, exhibit the common strengthening mechanisms and faults 
attributable to precipitated second phases. 
A complete survey necessitated an investigation into the kinetics of 
mechanisms involved in both the solution and precipitation heat 
treatments. This was advantageous in a number of ways: 
a) A direct monitoring of grain structure during solution heat 
treatment permitted a study of the effect of grain size on grain 
boundary precipitation. 
b) Similarities between the dissolution and precipitation 
processes meant that development of the respective theories could 
follow similar lines. For instance, the influence of carbon was 
shown to be important in both cases and so was the technique of 
computer integration which was required due to the complexity of 
mathematical solutions. 
c) Solubility data which was determined from the dissolution 
experiments could be used in the analysis of precipitation. 
Compatible data could not be found elsewhere. 
The results of the examination of solution heat treatment indicate 
that a delicate balance of carbide phases operates above 10000 C. The 
most stable phase at the treatment temperature will continuously 
o purge the alloy of the less stable phases. Up to 1050 C, M23C6 can 
be usefully produced from the less favourable M7C3 carbide. Care 
must be exercised, however, since exaggerated grain growth can 
occur within this temperature range. A mechanical working program 
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may therefore be necessary after transformation to introduce the 2 
to ~~ deformation required to induce a refining recrystallisation. 
o Above 1050 C, M23C6 dissolves rapidly leaving a distribution of 
partially dissolved particles depending on the temperature. If 
M7C3 has been eliminated from the material, the remnant M23C6 
particles will be mainly responsible for restriction of grain growth. 
An optimum temperature would be that which takes into solution 
enough carbon to precipitate the correct amount of carbide during 
ageing whilst preventing the formation of a detrimental grain size. 
Too long an exposure to this solution treatment would enhance the 
particle coarsening process and increase the possibility of large 
grain growth. ~ more important effect would be to reprecipitate 
M7C3 carbide in a form harmful to mechanical properties i.e. as 
highly faulted platelets at high energy sites, for example 
dislocations. The conventional solution heat treatment can also 
suffer from this drawback. The long 8 hour anneal at 10800 c was 
designed to remove all M23C6 from the structure but since dissolution 
is rapid, transformation to M7C3 must be the latter stage of the 
process. Note that in this case M7C3 particles are utilised to 
restrict grain growth. The most stable carbide, Ti(C,N), also 
precipitates during solution treatments though at a lesser extent 
due to the relatively few particles scattered throughout the alloy 
(nucleation is scarce). 
Anneals given to recommended heat treated alloy at a temperature 
comparable to service show that the existence of M7C3 and Ti(C,N) 
help reduce the life of a component. Both subsequently redissolve, 
releasing carbon into the matrix which precipitates and enlarges 
the grain boundary M23C6 particles. This alters the grain boundary 
resistance to creep. A total M23C6 carbide distribution would be a 
great improvement since the normal coarsening process would be the 
sole particle enlargement mechanism which is extremely slow at low 
temperatures (around 700oC). The accompanying release of titanium 
from Ti(C,N) during service provides an additional source for reduction 
in alloy properties. Apart from increasing localised coarsening of 
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Ni3(Al,Ti) particles, titanium promotes formation of the highly 
deleterious Ni3 Ti (11) accicular phase. The amount of Ti(C,N) 
present in the alloy can be decreased by keeping high temperature 
solution anneals to a minimum and modifying the deoxidation process. 
Appendix 3 proves how products of the magnesium deoxidation prior 
to casting act as Ti(C,N) nuclei. 
The following recommendations can be made on the above findings: 
a) Restricted or non-use of magnesium for deoxidation prior 
to casting. 
b) Elimination of M7C3 by a 'transformation' anneal at 10200 C 
for 6 hours. This should be followed by deformation of at least 
2 - ~fo to induce recrystallisation. 
c) A short solution heat treatment, for example i hour at 1080oc. 
The temperature may be adjusted to suit the required amount of 
precipitation and grain size. This applies to conventional solution 
treatment as well as material given a prior transformation anneal. 
M23C6 precipitation was observed in electron microscopy. Continuous 
precipitation was briefly surveyed because detailed studies and 
theories already exist. The major interest was discontinuous 
precipitation on which little quantitative work had previously been 
carried out. Visual evidence was supported by theory in establishing 
a mechanism and kinetics of growth. The initiation mechanism was 
found to be a dense simultaneous nucleation along the grain boundary. 
This compares to a relatively sparse population of nuclei for 
continuous growth. The density of nuclei within a discontinuous 
cell was determined to directly influence the cell growth. Widely 
spaced nuclei cause'a lower initial growth rate and therefore a 
rapid decline to continuous growth. An optimum spacing to prevent 
discontinuous growth can now be computed from theory for a particular 
boundary depending on the orientation of the non-aligned grain. A 
general optimum spacing to ensure no discontinuous growth whatsoever 
can also be found based on the non-aligned grain growth direction 
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(100) which best promotes the reaction. For practical purposes, 
however, the material data used would have to be better defined by 
experiments on the Nimonic alloy type system. Diffusion and 
solubility data are notably lacking for nickel-based superalloys. 
The optimum nuclei spacing would need to be used in conjunction with 
nucleation analysis. Nucleation theory is reaching the stage where 
internuclei spacing following short term growth can be predicted. 
Work along similar lines was recently conducted by Carolan, 1981, 
for Alloy 800 and Nimonic P.E.16. It is foreseeable that discontinuous 
precipitation will be controlled in future alloys by a planned 
nucleation program. Specifically, grain boundary characteristics 
and the temperature of ageing can alter the kinetics of nucleation. 
Closer practical predictions are required for these variables from 
theory. In the near future, a number of suggestions for alleviating 
the problem of discontinuous precipitation are: 
a) A short isothermal anneal in the higher ageing temperature 
range during cooling from solution treatment. Grain boundary nuclei 
form widely spaced at higher temperatures due to established nuclei 
poaching solute from neighbouring embryo at greater extents. In 
cases such as the single age-treatment at 7000 C in Nimonic 80A, this 
may induce too large a grain boundary particle size. 
b) A small grain size is suspected of varying the nucleation 
characteristics along stretches of boundary so as to make discontinuous 
initiation unfavourable. Small grains, however, are known to promote 
creep and recent trends towards directional solidification enhance 
discontinuous precipitation by exposing large areas of relatively 
flat boundary. A possible solution could be the production of 'zig-
zag' grain boundaries by an isothermal anneal similar to part a). 
(Hiyagawa et al, 1976). 
c) Reduction in carbon available for precipitation by a controlled 
solution treatment. A lower amount of matrix carbon was shown in 
theory to decrease the rate of discontinuous growth so that an earlier 
transfer to continuous growth occurs. 
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Computer programming was intensively used throughout this work 
and each program is listed with a flow diagram-as an appendix. 
Appendix 1 and Appendix 2 were used to determine true discontinuous 
precipitate dimensions and grain boundary misorientations with 
precipitate directions respectively. The determinations were part 
of a rapid measurement technique which utilised a double stage 
tilt specimen holder. This was very successful once the deviations 
of the secondary axis were defined. The alignment and design of 
the tilting mechanism of the secondary axis could be improved on, 
however, to make the technique easier and more accurate. With the 
advent of image analysis systems, a direct link to a microcomputer 
could pave the way to instant availability of dimensional, directional 
and orientation data. This in turn would provide the large amount 
of quantitative data required to define the kinetics of the numerous 
other systems of discontinuous precipitation. 
Appendix 4 is a computer program which calculates true particle size 
distributions from measurements made in etched sections. The problem 
of partially obscured particles coupled with particles lying above 
the surface in full show has long defied accurate mathematical 
analysis. This program locates the true mean and standard deviation 
of a normally distributed system of spherical particles which cut 
a planar surface by obtaining the closest theoretical fit to an 
experimentally determined distribution. Conversion to volumetric 
distribution is then via a straight forward formula deduced by Ashby 
and Ebeling, 1966. This would be ideally suited to computerised 
image analysis equipment such as the 'Quantimet' where a direct 
readout could prove invaluable. 
Finally, appendices 5 and 6 are programs for simulating diffusion-
based mechanisms. It has been convincingly shown that carbon cannot 
be treated in a passive role when dealing with solubility kinetics 
of carbide phases. The inclusion of the effects of carbon in 
mathematical treatments of dissolution and precipitation produces 
equations which cannot be integrated normally. Hence the computer 
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was used to simulate the processes in small incremental stages. 
Ideally, the dissolution program should have been followed over 
interatomic distances. This was, however, limited to a distance 
twenty times larger since the small increase in accuracy did not 
justify the excessive computer time required. It is envisaged that 
future computers will be capable of handling routine diffusion 
mechanisms on an atomic scale in a capacity comparable to practical 
situations. Likewise, precipitation mechanisms do not always render 
themselves to simplistic mathematical models and computer simulation 
is the obvious alternative. 
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7.3. SUGGESTIONS FOR FUTURE WORK 
1) A programme of experiments determining the mechanical properties 
of material given the new solution heat treatment. 
2) The diffusion and solubility data for nickel-based superalloys 
, 
need to be substantiated by a controlled series of experiments. 
3) The effect of decrease in matrix-carbon concentration during 
continuous precipitation should be incorporated into the present 
theories so that predictions of long term precipitation kinetics can 
be made. 
4) The double tilt stage TEM specimen holder requires further 
development. Together with an image analysis system there is 
potentially a method for instant direction and orientation information 
from a microcomputer. 
5) Discontinuous precipitation measurements need'to be made in a 
wider range of alloys possibly with the aid of 4). 
6) The effect of grain boundary characteristics on nucleation should 
be established by theory and experiment. This can then be related 
to the occurrence of discontinuous precipitation. 
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TABLE@ ALLOY COMPOSITION (& SPECIFICATION) Weight per cent. 
C - 0.Ob5 (0.10omax) S1 - 0.30 (l.oOmax) 
Cr - 20.2 (18.0-21.0) Mn- 0.00 (1.0Omax) 
Co - 0.15 (2.Omax) Fe - 1·33 (3.0Omax) 
Ti - 2.33 (1.80-2.70) Cu - less than 0.05 (0.2max) 
AI - 1.40 (1.00-1.80) Ni - Balance 
TABLE® SOLUTION HEAT TREATMENTS 
Preliminary:-
° 8 hrs @ 1010,1050,1080,1120 and 1150 C (Both Water Quench 
and Air Cool) 
o hrz @ 1050,1080,II20,1150,1180,1220,I2500C Water Quench 
3hrs @ 10100C (Water Quench) 
10800C for 15,30,00,120,240 mins (Water Quench) 
lI500C for 20,40,00,120,240 min~ (Water Quench) 
Detail Study:-
2 hr! @ 1100,1120,1140,IIoO and 11800C (Water Quench) 
0.5 hr! @ 10200C + 
2 hrs @ 1020,1000,I090,II30,11600C (Water Quench) 
'Serv1ce'Aoneals:-
2500 hrs"@ 700°C 
a)4hrs @ I0800c + 24 hr. @ 850°C + 17 hrs @ 700°C. 
b)4brs @ 10800c + 17 bra @ 700°C 
a) and b) + 700°C for I75,535:and 905 hra. 
TABLE CJ!) AGEING TREATMENTS 
a) BULK SPECIMENS 
All solution treated for 8-hrs. at 10800 c 
Ageing : 
(i) 24 hrs at 790,820,850 and 880°C (+5°,_10°) 
(il) 850°C for 8,16,32 and 48 hrs. 
(iil) 24 hrs at 850° & 700°C for 6,16 and 48 hrs.--
(lv) 24 hrs at 850° & 16 hrs at 670,730 and 760°C 
(v) 700°C for 6,16 and 48 hrs. 
(vi) 16 hrs at 670,730 and 760°C. 
b) TEM SPECIMENS: 
All solution treated for 2 hours at 10800 C. 
Ageing : 
Normal, large and small grain slzes 
1,2,4,8,16,30,60,120 and 240 mins ° 
at 700 and 8,0 C. 
Normal grain size 
1,2,4,8,16,30,60,120 and 240 mins 
at 625,700,775,850 and 925°C. 
TABLE ® PARTICLE AND GRAIN BOUNDARY MEASUREMENTS THROUGH 
SECTIONS OF SOLUTION HEAT TREATED ALLOY. 
SOLUTION: PARTICLES G.B.LENGTH G.E./ 
TREATMENT per JJm 2 per jrm2 Pcles 
TEMpoC TIME MEAN STD. MEAN STD. 
W.Q. Hrs (xI03 ) ERROR (xr03 ) ERROR 
As Received 83 4.19 347 6.3 4.29 
IOIO 8 42.4 1.56 98.7 22.4 2.21 
I050 8 41.6 1.51 31.2 5·1 0.77 
I080 8 16.3 2.70 47.3 4.9 2.90 
II20 8 8.9 0.48 43.9 1.8 4.93 
I050 6 16.3 1.81 53.3 5.5 3.72 
1080 6 10.1 1.06 39.3 2.91 4.06 
II20 6 16.2 1.54 24.0 3.3 1.62 
II50 6 3.4 0.25 14.4 2.75 4.52 
1180 6 1.1 0.04 8.1 2.0 7.36 
1220 6 r., 0.20 2.9 1.4 2.31 
1250 6 0.32 0.07 10.2 0·5 37.1 
I080 t 27.6 1.42 58.1 5.25 2.16 
1080 t 19.0 1.80 54.2 3.15 2.98 
1080 I 17.9 0.85 58.1 5.85 3.24 
1080 2 22.1 1.89 64.2 3.56 3.20 
1080 4 I5.9 1.33 63.0 4.05 4.29 
1150 1 5.31 .362 16.34 2.68 3.29 3' 
1150 i 4.82 .523 17.01 2.45 3.65 
1150 I 5.20 .351 21.66 1.50 4.33 
1150 2 4.21 .252 14.67 1.95 3.45 
1150 4 4.82 .257 10.87 2.82 2.39 
TABLE f5\ EXTRACT WEIGHT PROPORTIONS OF SOLUTION HEAT-
\2.J TREATED ALLOY 
Wt. % wt. % Wt. % Wt. % SAMPLE I st 2 nd 3 rd Average 
INITIAL STOCK 0.920 0.8I4 0.864 0.866 
8 brs @ IOIOoC 0.938 1.002 - 0.970 
8 hrs @ I0500C 0.756 0.703 - 0.730 
8 hrs @ I0800C 0.591 0.555 - 0.573 
8 brs @ 1I200C 0.450 0.490 : - 0.470 
4 hrs @ II500C 0.227 0.258 - 0.243 
6 brs @ I2200C 0.462 0.363 - 0.394 
3brs @ IOIOoC±IO 0.981 I.q24 
-
1.003 
2500hrs@700oC+IO 0.957 1.071 0.886 0.981 
2hrs @ IIOOoC±.3 0.619 0.591 
-
0.605 
2brs @ II200C:!:3 0.516 0·558 - 0.537 
, 
2hrs @ II400C±3 0.5I8 0.455 
-
0.487 
2hrs @ II60oC±3 0.466 0.483 
- 0.475 
2hrs @ II800C:!:,3 0.335 0·373 - 0.354 
6.5hr"s@I020oC£.5 I.098 I.047 
-
I.072 
a+2hrs@i0600C±5 1.103 0.988 
-
1.045 
a+2hrs@I0900C±5 0.947 0.826 
-
0.886 
a+2hr"s@II30oC±5 0.529 0.547 
- 0.538 
a+2hrs@I:i:600c±5 0.503 0.388 
-
0.446 
b+I75hrs@7000C 0.994 0.957 
-
0.976 
b+535hrs@7000C 1.084 I.048 
-
1.061 
b+965hrs@7000C 1.110 1.085 
-
1.098 
c+I75hrs@700oC 0.929 0.852 
-
0.89I 
c+535hrs@7000C 0.970 0.933 - 0.952 
c+965hrs@700oC 0.896 " 0.902 
-
0.896 
a = 6.5 hrs @ I0200C 
b = 4hrs@I080oC + 24brs@850oC + I7hrs@700oc 
c = 4brs@I0800C ~ I7hrs@700oC 
TABLE(§) DIFFRACTION PEAKS OF THE MAJOR ALLOY PHASES (WITH PLANES AND SPACINGS) 
Cr23C6> (C!;F9,W,Mo)2" C6 Cr7C3 (Cr,Fe)7C3 TiC TiN MgO 
0 I 0 
:Yli dj I;. b tli 
0 ~Ii 0 :VIi 0 liIi dA 1ri hkl dA hkl Ii hkl dA hkl dA hkl dA hkl dA hkl 
2066 30 400 2.375 80 420 2.35 20 321 2.508 80 III 2.44 77 III 2.431 10 111 
2.37 50 420 2.28 70 ~It 2030 40 240 2.175 100 200 2.12 ~OO 200 2.106 100 200 141 
2.17 50 422 2.168 60 422 2.22 50 102 1.535 50 220 1.406 56 220 1.489 52 220 
2.05 100 5I1 2.044 lOO 333 2.14 50 1I2 5I1 I.3I1 30 1I3 I.277 26 1I3 1,.270 4 311 
1.88 50 440 I.878 60 440 2.!2 70 202 2.12 60 051 etc~ etc. eta. 501 202 
I.80 50 531 1.796 60 53I 2.04 100 421 2.04 lOO 600 
~OO 122 I.78 40 42 2.02 50 ?" 
I.63 5 533 I.96 70 5I1 
I.61 30 622 I.602 40 622 t.90 50 222 
I.49 5 551 !.84 60 601 7I1 
:i:.48 5 640 I.81 70 43t I.81 60 431 402 
I.333 40 800 !.78 50 52! 
etc. I.288 60 §~ !.75 70 42! 530 1.74 60 
etc. t.71 60 6I1 322 
1.62 60 531 I.ir6 20 541 203 
TABLE ~ X-RAY DIFFRACTION DATA - Preliminary Sample Extract~. 
20° 1rnx As Extrude~ 8 hra @ 8 hrs @ .8 hrs @ 8 hra @ 4 hr~ @ 6 hrs @ 6 hrs @ Brad 11 + 1OIOoC I0500C I0800c I1200 C 11500 C 11800 C 12200 C Wkd.Stock 
TiC(II1) 
- -
36.27 0.055 36.34:0.083 combined 36.19 0.173 36.09 0.53 36.38 0.72 36.44 1.00 
-
0.08, .0087 0.057 .005b 0.050 36.5b 0.222 .0084 0.120 .0005 0.253 .0061 0.464 .0056 0.49b 
i 36.02 0.124 36.94 0.079 36.73 0.139 .0218 0.344 36.62 0.241 36.~2 0.80 36.73 0.562 36.76 0.587 combined 
I TiN(III) .0063 0.142 .0082 0.091 .0040 0.085 
- 0.145 .00 5 0.324 .0059 0.374 .0044 0.214 
~0(420) 37.94 0.140 38.02 0.112 38.01 0.189 37.91 0.110 
.0131 0.201 .0047 0.257 .0005 0.148 
.0048 0.052 
M7C3(4II) 
39.20 0.156 39.43 0.122 39.30 0.320 39.18 0.310 39.00 0.60 
.0052 0.139 .0079 0.098 .0000 0.326 .0045 0.218 .0001 0.168 
l-2:f6 (422) 41.55 0.137 41.77 0.267 41.69 0.233 00040 
-
.0052 0.291 .0051 0.175 
M7C3(202) 42.50 0.350 42.84 0.094 42.70 0.300 42.59 0.493 42.54 0.690 42.33 1.00' 42.39 1.000 42.31 0.830 TiN (200) .0068 0.409 - 0.155 .0070 0.493 .0194 0.709 .0180 0.688 .0197 1.000 .0112 1.000 .0108 1.000 
~C6(5tI) 44.20 1.000 44.42 1.000 44.32 1.000 44.26 1.000 44.25 1.000 43.97 1.00 43.47 0.220 
M7C3(42I) .0068 1.000 .00;4 1.000 .0058 1.000 .0070 1.000 .0070 1.000 .0052 0.b47 .0033 0.151 
M23 Cc,Q+40) 48.35 0.099 48.63 0.178 48.51 0.133 
.0056 0.080 .0051 0.212 .0060 0.107 
~C3 (601) 49032 0.133 49.27 0.150 
.0077 0.119 
- 0.054 
M7C3(43I ) 
50.28 0.117 50.32 0.094 50.27 0.200 50.21 0.200 
.0072 0.117 .0058 0.000 .0059 0.174 .0040 0.110 
~C6(53I) 50.09 0.113 51.02 0.204 50.84 0.172 
.0058 0.099 .0122 0.24b .0052 0.131 
M7C3(4I2) 
52.07 0.091 52.24 0.072 52.17 0.167 52.10 0.170 
.0080 0.082 .0044 0.029 .0070 0.159 .0037 0.102 : 
r------------------~-~ __ ~ ___ ~_~ _____________ _ 
I 
TABLE C1!). X-RAY DIFFRACTION DATA - Detail StUd; Extract~. 
29° . Imx 2 brs @ 2 hrs @ 2 hrs @ 2 brs @ 2 bra @ 2500brs @ 3 brs @ 
Brad 11 IIOOoC 1I200 C 1I400c 1I600c 1I800c 700°C IOIOoC 
TiC (IiI) 36.08 0.101 36.18 0.124 36.19 0.126 30.21 0.208 30.21 0.35~ -
.0001 0.140 .0050 0.108 .0000 0.105 .0001 0.218 .0058 0.27 0.074 0.040 
3o.5it 0.223 30.00 0.285 30.04 0.200 30.05 0.394 30.03 0.471 30.83 0.084 30.89 0.090 TiN (Ill) .0038 00 251 .0035 0.284 .0038 0.200 .0049 0.280 .0052 0.329 0.027 0.088 0.025 0.077 
I 37.69 0.026 37.96 0.210 38.05 0.251 ~3Co(420) 
.0030 0.024 
.0054 0.181 .0044 0.185 
M7C3(4II) 
39.21 0.370 39.25 0.416 39.24 0.363 39.23 0.397 39.2~ 0.230 39.46 0.049 
.0033 0.358 .0031 0.357 .0037 0.304 .0040 0.239 .003 0.132 .0049 0.040 
M23Co(422) 4I.4~ 0.048 41.71 0.288 41.81 0.273 .002 0.030 
.0059 0.240 .0052 0.230 
MiC3(202) 42.57 0.738 42.51 0.818 42.58 0.804 42.57 1.000 42.~7 1.000 42.74 0.114 42.82 0.107 T N (200) .0075 1.000 .0033 1.000 .0038 1.000 .005! 1.000 .00 4 1.000 .0058 0.135 .0052 0.102 
M23Co(5II ) 44.21 1.000 44.23 1.000 44.22 1.000 44.20 0.987 44.22 0.027 44~8 1.000 44.41 1.000 
M7C3(42I) .0037 0.905 .0031 0.900 .0037 0.876 .0044 0.650 .0044 0.389 .0 5 1.000 .0047 1.000 
M7C3( ? ) 
44.04 0.148 44.78 0.143 44.75 0.142 44.73 0.149 44.77 0.098 
.0035 0.142 .0035 0.119 .0033 0.110 .0025 0.091 .0047 0.058 
Cr7C3(222) 47.58 0.000 47.80 0.075 47.78 0.065 47.54 0.068 47.80 0.039 
.0033 0.053 .0027 0.050 .0030 0.049 .0027 0.032 .0044 0.025 
M23Co(440) 48.23 0~024 48.48 0.201 48.58 0.194 .0035 0.015 
.0049 0.161 .0052 0.171 
Cr7C3(00I) 49.1·7; 0.132 49.28 0.161 49.26 0.126 49.27 0.I~9 49.26 0.078 
.0030 0.II8 .0027 0.121: .003! 0.101 .0044 0.0 4 .0038 0.038 
. M7C3 (431) 
50.I1 0.287 
- -
50.22 0.270 50.22 0.289 50.25 0.176 
.0030 0.261 
- -
.0031 0.225 .0045 0.192 .0033 0.090 
r--------------------------,-____ ~ _____ ~ ____ ~ _________ _ 
TABLE ~ X-RAY DIFFRACTION DATA - Detail Study Extracts. 
(Prior Treatment of 6.5 hrs @ I0200C) 
29° 
.,. or . .,. or 
Irnx 2 hr! @ 2 hr! @ 2 hr! @ 2 hr! @ 
Brad 11 CONTROL I0600C I0900C II300C II600C 
TiC(III) 36.11 0.065 36.33 0.057 36.07 0.I30 36.04 0.253 
0.163 .0063 0.067 .0060 0.091 .0066 0.151 .0063 0.259 
TiN(III) 36.64 0.266 36 0 57 0.093 36.78 0.113 36.53 0.283 36.48 0.398 
.0047 0.272 .0060 0.109 .0042 0.156 .0035 0.243 .0049 0.328 
M23C6(420) 37.75 0.779 
37.70 0.234 37.92 0.283 37.67 0.153 
.0038 0.791 .0040 0.247 .0033 0.310 .0031 0.110 
M7C3(4II) 39.34 0.021 39.11 0.283 39.07 0.382 .0028 0.019 .0031 0.211 .0038 0.290 
M23C6(422) 41.49 0.947 41.46 0.306 41.67 0.361 41.48 0.208 
.0038 1.000 .0042 0.305 .0033 0.400 .0033 0.167 
M1C3(202) 42.~2 0.363 42.48 0.133 42.71 0.170 42.50 0.500 42.42 0.849 T N (200) .00 4 0.586 .0047 0.221 .0042 0.342 .0035 0.7:35 .0049 1.000 
M23C6(5II) 44.13 
-
44.10 1.000 44.3~ 1.000 44 0 03 I.OOO 44.08 1.000 
M7C3(42I) - - .0042 1.000 .003 1.000 .0035 1.000 .0040 0.714 
M7C3( ? ) - - 44.66 0.0~9 44.60 0.151 
- -
.0040 0.0 I .0037 0.102 
Cr 7 C3 (222) - - 47.69 0.043 47.66 0.048 
- -
.0035 0.035 .0037 0.033 
M23C6(440) 48 0 28 0.664 48.28 0.249 - - 48.26 0.155 .0037 0.674 .0046 0.250 
- -
.0030 0.+15 
Cr7C3(60I) - - 49.18 0.104 49.13 0.118 
- -
.0032 0.077 .0037 0.078 
TABLE ® X-RAY DIFFRACTION DATA -' Service' Anneal' Extracts.' 
THREE-STAGE HEAT-TREATMENT TWO-STAGE BEAT TREATMENT 
2eo Imx 
T T T, ,. T .... 
I75hr~ @ 535 hrs @ 965 hrs @ 175 hr! @ 535 ~I!I @ 965 ~s @ Brad 11 700 C 700°C ,700°C ,700°C ,700 C , 700 C 
TiC(III) 36.27 0.055 36.28 0.050 36.28 0.051 36.31 0.103 36.32 0.069 36.38 0.040 
.0068 0.066 .0065 0.030 .0054 0.042 .0066 0.080 .0054 0.066 .0058 0.043 
TiN(III) 36.73 0.080 36.68 0.074 36.67 0.070 36 077 0.118 36.75 0.102 36.81 0.061 
.000/ 0.077 .0049 0.036 .0047 0.055 .0068 0.107 .0051 0.090 .0049 0.069 
. 
~3C6(420) 37.84 0.181 37.84 0.192 37.82 0.215 37.90 0.133 37.89 0.174 37.97 0.153 
.0044 0.174 .0040 0.095- .0042 0.153 .0042 0.129 .0044 0.157 .0035 0.146 
M7C3(4II) 39.29 0.070 39.25 0.050 39.28 0.070 39.34 0.207 39.33 0.109 39.41 0.094 
.0028 0.054 .0031 0.024 .0044 0.054 .0061 0.150 .0051 0.097 .0040 0.088 
M23C6(422) 
41.59 0.248 41.60 0.227 4I.~9 0.269 41.64 0.148 41.65 0.200 41.73 0.191 
.0035 0.2II .0038 0.123 .90 2 0.197 .0051 0.:J:37 .9056 0.209 .0040 0.190 
M7C3(202) 42.82 0.162 42.63 0.142 42.62 0.I94 42.66 0.~56 42.69 0.261 42.76 0.191 
TiN (200) .0042 0.2II .0042 0.114 .0047 0.210 .0063 o. 01 .0047 0.324 .0045 0.274 
M23C6(5II ) 44.24 1.000 44025 1.000 441)~ 1.000 44028 1.000 44.30 1.000 44.~9 1.000 
M7C3( 421) .0037 1.000 .0040 1.000 .00 1.000 .0059 1.000 .0052 1.000 .00 4 1.000 
M23C6(440) 48.56 0.181 48.40 0.166 48.4~ 0.199 48.48 0.104 48.46 0.148 48.~3 0.137 
.0038 0.151 .0042 0.087 .004 0.147 .0051 0.103 .0047 0.161 .00 5 0.161 
Cr7C3(601) 
49.47 0.020 
- -
49.42 0.026 49.~4 0.0~9 49~8 0.039 49.46 0.031 
.0045 0.019 
- -
.0043 0.018 .00 2 0.0 6 .0 9 0.031 .0042 0.023 
M7C3(43I ) 5004§ 0.051 - - 50.40 0.0~2 50.35 0.141 50.37 0.080 50.44 0.Ob9 .002 0.037 - - .0054 0.0 3 .0059 0.105 .0061 0.080 .0044 0.060 
M23C6(51I) 50.91 0.228 - - 50.84 0.230 50.76 0.104 50.82 0.16~ 50.90 0.165 
.0031 0.190 .. 
-
.0049 0.191 .0051 0.084 .0052 0.17 .0047 0.163 
. 
Table@)RESULTS OF QUANTITATIVE X-RAY ENERGY 
DISPERSIVE ANALYSIS OF EXTRACTED CARBIDES. 
EXAMPLE OF qJANTITATIVE IUCROPROBE ANALYSIS OO'l'POT usnm ZAF-4/fls PROGRAM: . 
-... --- ·---5···.. ----- ---- .. -- ... -.. ~--- "'-.'f"-'~ 1-··----·~--·---· , :~" C~ _ TANDARD : _ LI 'v'ETIME (SPEC) =' "-6'0 
ENERG'·r. ,'::- RES· AREA 
6.199.7338314-
TOTAL AREA= 156949 
• • • • • • -,"." '.., _ ' .;-:~. . ; .t': . . i 
.' -- ': 
, " 
• I 
~ .. 
'" PEAK. AT·· '1. 74'KE'.,'·:ril'fITTED? ,Silicon ') ',. :" ::- .' "<~-"-
PEAK' AT' 2.30 KE'y' OMITTED? . Sul~ ) Minor ~aks from imp.lrities. -" 
PEAK·AT. 2.64 KEY Ol'fITTED?Chlorme -) ", , 
• ....... • ~ "4 ., " .... • 
FIT INDEX=82.24-
ELl'tT APP • CO~fC 
TT' 40.306 
MG .072 
eR 1.403 
NI .058 
FE .091 
ERROR(WT~) 
.253 
.077.- < 2.SIGMA+-
.0'71 
.115'" < 2 SIGNA'" 
• 090" < 2S I I~MA+-
" • .1- ...... 
. - .... 
f._ ,. 
20.' 00· KY -;- TILT=45. 00 ELEY= .00 AZIM=45.,00 >COSIN'E·~l. cioo 
••• r ." _:. t . 
.' -'.. " 
.. 
" 
SPECTRUM: . POWDER 3 ANALYSIS No. 3 of 4 
ALL --ELMTS' . ANAL '-(SED 
' .. "' 
ELMT -: ZAF %EU1T .... ~.-~-
TI. 1.:002·. 39-;.250 
-
:' MS- . < • 481 .... .151 .. : -.' 
,>;: CR ' .780, '·-'1. ~806 .. 
. . ::,,: NI· " .·9-33 - ." ..:. 062 
,t.". FE .:,. 877··'" . -.: 104 .. 
'. '.. ~. '. ~ .. 
, -~ 'TOTAL" 41.:373 . 
. ___ ~" -"""""';"'---1 
.--,,~-,--- ... ~, -:~-. -- ---.--.:.- .' 
TABLE @ ELEMENTAL ANALYSIS OF CARB~DE EXTRACTS. 
POWDER I . 0 0 
From sample 0.5 hrs @ 1020 C + 2 brs @ 10bO C 
M23Co + Ti(C,N) = 1.045 % of Alloy. 
Ti Mg Cr Ni Fe TOTAL 
13.93 0 70.29 4.70 0 94.98 
14.35 0 74.20 4.74 0 93.35 
12.70 0 75.05 5.38 0 93.13 
13.75 0 75.18 5.15 0 94.08 
13.36 0 74.78 5.81 0 93.94 
13.Q2 0 75.11 5.17 0 93.90 
14.50 0 79.99 5.51 0 100.00 
POIIDER 2 
From sample 2 hrs @ 11400 c 
M7C3 + Ti(C,N) = 0.487 % of Alloy. 
Ti Mg Cr Ni Fe TOTAL 
22.14 0.04 60.63 0~9b 0 83.77 
23.80 0.0 63.41 0.96 0 88.16 
19.12 0.18 62.94 0.88 0 83.12 
21.70 0.07 62.30 0.93 0 85.00 
25.53 0.08 73.29 1.09 0 100.00 
POWDER 3 
From sample 6 hrs @ 12200 C 
Average 
ormalised ~ 
Average 
Normalised 
Ti(C,N) + small amount of M23C6 = 0.394 % of Alloy 
Ti Mg Cr 
35.80 0.05 . 1.70 
37.22 0.09 1.74 
39.25 0.15 1.81 
35.93 0.0 2.06 
37.05 0.07 1.83 
94.76 0.18 4.68 
Ni Fe 
0.00 .0.05 
0.10 0.18 
0.06 0.10 
0.13 0.0 
0.07 0.08 
0.t8 .0.20 
TOTAL 
37.60 
a9.j2 I. 7 
38.12 
39.10 
100.00 
Average 
Normalised 
All Proportions in Weight % from ZAF Corrected X-Ray 
Dispersive Analysis. 
Table@ ANGLES BETWEEN CRYSTALLOGRAPHIC PLANES 
AND DIRECTIONS IN CUBIC CRYSTAL SYSTEMS. 
{HKL) {hkl} 
100 100 0° 
110 45° 
111 54°44' 
210 26°34' 
211 35°16' 
221 48°1 I' 
310 18°26' 
311 25°14' 
320 33°41' 
321 36'42' 
110 1I0 0° 
1I1 35'16' 
210 18'26' 
211 30' 
221 19'28' 
310 26'34' 
311 31'29' 
320 1I'19' 
321 19'6' 
III III O· 
210 39°14' 
211 19'28' 
221 15'48' 
310 43°6' 
311 29°30' 
320 36°49' 
321 22"12' 
210 210 0° 
211 24°6' 
221 26°34' 
310 80 S' 
311 19°17' 
320 7°7' 
321 17°1' 
211 211 0° 
221 17°43' 
310 25°21' 
311 10°1' 
320 25°4' 
321 10°54' 
70°54' 
221 221 0° 
310 32°31' 
311 25°14' 
320 22"24' 
321 11°29' 
79°44' 
Reference 
Barrett, C. S. (1971). Structure of Metals, McGraw-
Hill, New York. 
Values of angles between HKL and hkl planes (or directions) 
90' 
90° 
63°26' 90° 
65°54' 
70°32' 
71 °34' 90° 
72°27' 
56°19' 90° 
57°41' 14'30' 
60' 90' 
90' 
50'46' 71'34' 
54'44' 73°13' 90' 
45' 76°22' 90' 
47'52' 63°26' 77'5' 
64°46' 90° 
53'58' 66°54' 78'41' 
40'54' 55'28' 67°48' 79°6' 
70°32' 
75'2' 
61'52' 90' 
54'44' 78'54' 
68°35' 
58°31 ' 79°59' 
S0047' 
51°53' 72"1' 90° 
36°52' 53°8' 66°25' 7s028' 90° 
43°5' 56°47' 79°29' 90° 
41°49' 53'24' 63°26' 72°39' 90° 
31'57' 45° 64°54' 73°34' 81°52' 
47°36' 66'8' 82"15' 
29°45' 41°55' 60°15' 68°9' 75°38' 82"53' 
33°13' 53°18' 61°26' 68°59' 83°8' 90° 
33°33' 48°11' 60° 70°32' 80°24' 
35°16' 47°7' 65°54' 74'12' 82"12' 
49°48' 58°55' 75°2' 82"35' . 
42°24' 60°30' 75°45' 90° 
37°37' ~5°33' 63°5' 83°30' 
29°12' 40°12' 49'6' 56°56' -
77°24' 83"44' 90° 
27°16' 38°57' 63°37' 83°37' 90° 
42°27' 58°12' 65°4' 83°57' 
45°17' 59°50' 72°27' 84°14' 
42"18' 49°40' 68°18' 79°21' 84°42' 
27°1' 36°42' 57°41' 63°33' 74°30' 
84°53' 
TABLE ® PHASE PROPORTIONS IN' SOLUTION HEAT TREATED ALLOY 
CALCULATED FROM INTEGRATED INTENSITIES OF X-RAY 
DIFFRACTION (GIVEN IN WEIGHT'PERCENT). 
SAMPLE Wt'.% Wt.% Wt.% Wt.% 
M7C3 M23C6 Ti-Nrich Ti-Crich 
INITIAL STOCK 0.301 0.426 0.086 0.052 
8 hrs @ IOIOoC 0.0 0.827 0.088 0.055 
8 hrs @ I0500c 0.255 0.374 0.064 0.037 
8 hrs @ I0800c 0.425 0.0 0.092 0.055 
8 hrs @ II200C 0.333 0.0 0.073 0.064 
4 hrs @ II500C 0.124 0.0 0.067 0.052 
6 hrs @ I2200C 0.0 0.080 0.095 0.219 
3hrs @ IOIOoC±,IO 0.158 0.710 0.085 0.05I 
2500hrs@7000C±IO 0.0 0.806 0.109 0.065 
2hrs @ IIOOoC±,3 0.437 0 • .033 0.086 0.050 
2hrs @ 1I200C±,3 0.397 0.0 0.088 0.047 
2hrs @ 1I400C±,3 0.349. 0.0 0.085 0.053 
2hrs @ 1I600C±,3 0.304 0.0 0.097 0.074 
2hrs @ 1I800c£ 0.155 0.0 0.108 0.091 
6.5hrs@:t0200c±5 0.0 0.927 0.091 0.055 
a+2hrs@10600c±5 0.0 0.867 0.110 0.068 
a+2hrs@I0900C±'5 0.043 0.688 0.098 0.057 
a+2hrs@II200C±5 0.262 0.149 0.083 0~05I 
a+2hrs@II600C±5 0.270 0.0 0.099 0.078 
b+I75ttrs@7000C 0.198 0.627 9. 081 0.069 
b+535hrs@7000C 0.181 0.711 0.076 0.063 
; : 
b+905hrs@7000C 0.259 0.713 ' 0.'072 I 0.;054 
c+I75hrs@7000C 0.408 0.314 0.083 0.062 
c+535hrs@7000C 0.315 0.501 0.079 0.057 
c+965hrs@7000C 0.291 0.498 0.065 0.043 
° a = 6.5hrs @ 1020 C. ° 
' b = 8b.rs @ 10800 c + 16hrs @ 700 C. ° 
o = 8hrs @ 108doc + 24hrs @ 850°C + 16hrs @ 700 C. 
~------------------------------------------------------------------- ---
TABLE @ DETERMINATION OF (Cr+Fe) AND C SOLUBILITIES IN MATRIX ASSOCIATED WITH M23C6 
SAMPLE wt. % wt.% wt.% Wt.% wt% Cr Wt% c Wt% Ti At% M At% C In(3!~Cc) I04/RT M?C~ M2~C6 Ti-Nrld Ti-Crict in Ppt in Ppts in Ppts Matrix Matrix. 
6~"5J~~I020oC 0 0.927 0.09I 0.055 0.874 .0596I 0.II39 22.3082 o. 0241~0 -14.0692 3.892 
a + 
2 hrs@I060oC 0 0.867 0.110 0.068 0.818 .05805 0.I389 22.3601 0.03266 -13.7687 3.776 
" " ." 
a + 
2 hrs@I090oC 0.043 0.688 0.098 0.057 0.688 .05043 0.I209 22.4566 0.06833 -I3.0I40 3.692 
a + 
2 hrs@II30oC 0.262 0.I49 0.083 0.05I 0.383 .03866 0.I045 22.6949 0.I2303 -I2.3854 3.587 
Correction 0.I4222 -12.2405 " 
Where 
Cc = Atom Fraction of Carbon 
Cm = Atom Fraction of Solute,M (ie.Cr+Fe) 
" Wt.% Cr in Ppts. = (Wt.% M23C6 x 0.943) + (Wt.% M7C3 x 0.9I) 
Wt.% C in Ppts. = (vTt.% M23C6 x 0.0568) + (Wt~% M7C3 x 0.09) 
~ (Wt..%N-rich Ti(C,N) x 0.017) + (Wt.%c-rich Ti(C,N) x 0.I02) 
Wto% Ti in Ppts. = (Wt.%N-rich"Ti(C,N) x 0.776) + (Wt.%C~rich·Ti(C,N) x 0.787) 
TABLE@ DETERMINATION OF (Cr+Fe) AND C" SOLUBILITIES IN THE 
MATRIX ASSOCIATED WITH M7C3-
SAMPLE 2hrs @ II000 C 
2hrs @ 
1I200 C 
2hrs @ 
I1400 c 
2brs @ 2hrs @ a+2br~ @ 
11600 c II800 C" 1160 C 
Wt%M7C3 0.437+ 0.397 0.349 0.304 0.155 0.270 
• 0331-i23 et 
Wt%TiC,N 0.086 0.088 0.085 0.097 0.108 0.099 N-rich 
Wt%TiC,N 0.050 0.047 0.053 0.074 0.091 0.078 C-rich 
x=Wt% Cr 0.429 0.361 0.318 0.277 0.141 0.246 in Ppts. 
y=Wt% c " 
.04778 .04202 .03826 .03656 .02507 .03394 in Ppts. 
Z=Ht% Ti 0.106 0.105 0.108 0.134 0.155 0.138 in Ppts. 
At.% M 22 .. 682 22.717 22.749 22.789 22.895 22.813 Matrix 
At.% C 
" ".08061 .10733 .12482 .13272 .18602 .14489 Matrix 
tn(C~Cc) "-10.585 -10.295 -10.141 -10.076 -9.727 -9.985 
4 10 bR.T 3.666 3.613 3.562 3.5I2 3.464 3.512 (T- Abs) 
Where 
Cc = Atom Fraction of Carbon 
Cm = "Atom Fraction of Solute,M(ie.Cr+Fe) 
X = (Wt.% M7C3) x 0.91 
Y = (Wt.%N-rich Ti(C,N»x 0.017 
"+ (\Olt.%C-rich Ti(C,N» x 0.102 
+(\,It.% M7C3 ) x 0.09 
Z = (Wt.%N-rich Ti(C,N» x 0.776 
+ OoJt.%C-rich Ti(C,N» x 0.787 
TABLE ® COMPUTER CORRECTED PARTICLE SIZE DISTRIBUTIONS. 
SAMPLE 
As 
Rec. 
8hrs£ 
1080 c 
6hrs@ 
l1800 c 
Where 
Dsm S D' S' D S PHASES sm sm sm vm vm 
0.485 0.203 0.527 0.194 0.464 0.171 
M23C6 + M7C3 
0.765 0.358 0.770 0.357 0.634 0.294 M7C3 
1.784 0.825 1.864 0.735 1.613 0.636 Ti(C,N) 
D and S are mean diameter and standard deviation (normal destribution assumed) 
Suffixes 
sm - surface measured 
srn' - corrected surface measured 
vm - estimated true distribution 
TABLE ® THEORETICAL DISSOI1JTION OF SPHERICAL M23C6 PARTICLES. 
(i) Equal l-iatrix Control of Particles (to a diameter of 28600 R ) 
Temperature 
(oC) 
p~rticle(R) 
D~ameter 
Time for ( 
. . sec D~ssolut~on ) Remnant (R) Diameter 
1020 2000 21.8 0 
1050 11 5.4 0 
1080 11 2.9 0 
1120 " 0.9 0 
1150 " 0.4 0 
1180 " 0.2 
0 
1020 4000 23.4 3600 
1050 11 143.8 3000 
1080 11 72.1 2200 
1120 " 24.4 
0 
1150 11 8.4 0 
1180 " 3.4 0 
1020 6000 45.0 5800 
1050 11 16.9 5700 
1080 " 69.2 5400 
1120 " 47.5 
4800 
1150 " 41.8 3900 
1180 " 35·0 1800 
(ii) l-Iatrix Control in Proportion to Size of Particle (11600R. matrix for 2000i particle, 23200R for a 4000i particle) 
NB'. 
1020 2000 2.5 1900 
1050 " 5.3 
1800 
1080 n' 12.1 1600 
1120 If' 9.2 1100 
1150 " 5.1 
0 
1180 " 1.6 
0 
1020 4000 10.0 3800 
1050 If: 21,.3 3600 
1080 n 48.6 3200 
t120 '" 36.9 
2200 
1150 " 20·5 0 
1180 " 6.5 0 
Dissolution layers used were 50, 100 and 150 i for particle diameters 
of 2000, 4000 and 6000 i respec"t-ively. 
(iii) Conventional Theor,r (Wheelan, 1969) 
Temperature (oC) Time (4000R) secs ,Time (6000R) secs 
1020 ) 
1050 ) 
Do not Dissolve. 
1080 
1120 
1150 
1180 
139.8 
23.5 
4.4 
1.4 
314.5 
52.8 
9.9 
3.2 
TABLE@SUMMARY OF DATA ON GRAIN BOUNDARY 
PRECIPITATION IN AGED SPECIMENS. 
SPECIMEN NO. I 2 3 4· 5 6 7 
ANNEAL TEMpoC 700 700 700 700 700 850 850 
ANNEAL TIME 4 min I6min 4 hrs 4 hrs 4 hrs 4 min 2 hrs 
CORRECTED ·TIME * 330s I050s I4490s I4490s I4490s 352s 7200s 
GRAIN SIZE Norm. Norm. Norm. Large Small Norm. Norm. 
DISCONTINUOUS PRECIPITATION CELLS : . 
AV.PPr.D1A(nm) 20.9 25.3 40.1 39.9 40.6 37.1 72.8 
spread t 7.06 8.47 24.22 20.96 18.48 20.42 46.11 
AV.PPT.LENGTH T 258.2 306.5 514.4 262.6 137.4 174.8 183.9 
(nm) spread 182.2 276·3 418.4 282.3 95.6 168.8 145.8 
CELL PINN~IN G ON BOUNDARY : 
NO.END COUNTS 238 300 292 222 72 582 358 
NOT"PINNED % 2.39 0 0 0.92 4.48 6.07 2.62 
. AT PARTICLE '$'. 33.49 24.44 19.51 18.90 40.30 25.05 25.13 
AT LIKE CELL % 12.44 9.26 4.07 14.28 5.97 5.89 2.62 
UNLIKE CELL % 40.19 34.44 42.21 36.41 19.41 31.88 26.07 
TRIPLE POINT % 5.74 24.44 16.22 26.27 20.89 11.76 19.06 
PCLE/TPLE.PT.% 1.91 1.86 7.95 0.46 8.95 13.10 19.06 
EXTENDS INTO % 3.83 5.56 9.01 2.76 0 6.26 5.55 ANOTHER GRAIN 
BLOCK GRAIN BOUNDARY PRECIPITATION : 
AV.VOLUME(nm3 ) 
XIO-6 t 0.646 2.903 0.731 0.235 1.696 2.456 rr.403 
% OF BOUNDARY OCCUPIED 16.3 5.2 2.3 5.5 43.9 11.2 13.89 
* Corrected time(Seconds) accounts for heating to temperature. 
t Precipitate diameter is measured at growth front. 
T Precipitate growth length is taken from the base of the cell 
to the growth front in the direction of growth. 
t Block precipitates are assumed a rounded disc shape. 
NB. Triple points include twin boundary intersections with grain boundary. 
TABLE ® DIFEUSION DATA FOR CHROIHUM, TITANIUM AND CARBOn. 
a) Chromium in Matrix: DC = D • exp( -QjR.T) 2 -1 
r ° 
cm .s . 
( 2 -1) l' I 0 Alloy- D cm s Q ( cal.mol- ) T :range C Source 
° 
18-12 low C 0.13 63 100 Perkes,1913 Stainless Steel 
316- 0.06 58.100 150-1200 Smith, 1915 Stainless Steel 
Ni-23.6at .pc Cr 6.00 70.400 950-1250 Million et al,1981 
Inconel-600 1.60 66.1 00 800-1300 Pruthi et al, 1917 
Fe-22Cr-45Ni 4.10 10.300 963-1400 Rothman et al,1980 
b) Chromium in Grain BOUndary-: d • D b = D • exp(-Q/R.T) g 0 
3 -1 cm.s • 
18-12 low C 
Stainless Steel 
316-
Stainless Steel 
Inconel-600 
-8 3.5x10 
-8 4.2x10 
c) Carbon in Matrix: 
(i) Nickel-51£r. 
45.500 
42.800 
( 2 -1 cm.s .) 
150-1200 
400-1300 
exp(-31500 / R.T) 
Perkes,1913 
Smith, 1915 
Pruthi et al, 1911 
Grwzin et aI, 1951 
(ii) Irons and Steels (150-1300oC) 
DC = 0.47 • exp(-1.6 C). exp(-(31000-6600C)/ R.T) 
where C is weight % Carbon 
Tibbetts , 1980 
(iii) Pure Nickel 
DC = 0.13 x exp(-34500/R.T) 
Shovensin et al,1965 
x exp(-40200/R.T) 
Lander et aI, 1952 
d) Titanium in Matrix: 
Modified Hastallo,r N. (800-12500 C) 
DTi = 1'5.3 :x: exp(-73000/R.T) 
Sessons and Lundy , 1969 
Fi~(j) TYPES OF GRAIN BOUNDARY DISCONTINUOUS 
REACTIONS; after Thompson) 1971. 
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Fig.(D INITIATION MECHANISMS OF THE DISCONTINUOUS 
REACTION. 
(i) 'Pucker' Mechanism (Tu and T urnbull .. 1967) 
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(ii) Initiation ProRosed by Nes and Billdal .. 1917. 
a) b) ,C) ~ grain boundary 
o precipitates 
/ 
(iii) Nucleation on Migrating Boundary_{Fournelle & Clark .. 1912) 
a) ~ b) c) d) I 
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Figffi DISCONTINUOUS REACTION GROWTH MORPHOLOGY 
a. Idealized Moq~hology. 
0:' t 
Possible Moq~hologies According to Hillert 1969 ; 
b. growing precipitates pull boundary along 
t t 
c. advancing boundary leads lamellae 
t t t 
Fig{0 MECHANISMS BY WHICH LAMELLAE MULTIPLY 
IN A DISCONTINUOUS CELL - Butler) 1919 
a. Branching 
b. ReReated Nucleation 
c. Nucleation in a Grain Boundary Recess 
--
Fi9® COMPOSITION VARIATION IN MATRIX OF A 
DISCONTINUOUS PRECIPITATE IN Mg-Al ALLOY. 
after Porter and Edington" 1917. 
a. Across the Advancing Interface. 
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Fig. 8a) Transmission Electron Micrograph of a typical discontinuous 
precipitate following 4 hrs . ageing at 700°C. M23C6 rods 
nucleating on and growing in unison with a moving grain boundary. 
Scale I- 2 !lm.---t 
. .. 
b) First viewing direction: 170 cw, 19.83°cw Scale 1-0.5 !lm.-l 
c) Second viewing direction: 2Soccw, 17.67°ccw Scale 
Fig. 9. Transmission Electron Micrograph of grain boundary continuous 
MZ3C6 carbide precipitation. 
Scale 
Fig. @) SIMPLIFIED VIEW OF SPECIMEN HOLDER SHOWING 
ROTATION AXES AND RELATIONSHIP TO IMAGES. 
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Fig . 11 . Instrument used to measure length o f grain boundary 
intersecting a planar section . 
.-------------
Fig . 12.a) Apparatus used to measure angles direct from negatives 
of micrographs and diffraction patterns. 
Fig. 12.b) Apparatus used to measure dimensions of precipitates 
direct from negatives of micrographs. 
Eigs.@ DETERMINATION OF PRECIPITATE GROWTH 
DIRECTIONS FOR CALCULATING TRUE CELL DIMENSIONS. 
a. Image Measurement 
p' PA· A· n· 1 __________ 1 _1 _________ 1 
60 
~-r~P~C~·~~~~·~~----~~+--
1 
b. S tereograRhic Projection 
--part of great circle 
connecting true and 11 
standardised - :,--;P1 
image ppt. ; "J " 
directions. ~ P2 ~ 
Pt ~ ~ 
A 
n, and n/i are poles 
of planes 
containing true 
precipitdte 
direction. 
Example :-
f3 1 = 223: 
f32 = 225 
~------~~~--------~C 
Image Tilts: 
er 1 = 20 
o 
~ 1 = 15 o 
a:Z = -18 
o 
8 = -12 0 A 
(standardised by reverse rotation) 
Fig@OEFINITION OF THE MISORIENTATION BETWEEN 
TWO GRAINS BY STEREOGRAPHIC PROJECTION. 
\ 
\ 
\ 
\001b 
100a 
"-
" 
010a 
Angles 8 and (/J define one axis of crystal'b' to crystal 'a'. 
A third angle) ljJ defines a second axis and therefore the 
unique grain misorientation. 
Two further angles a: dnd P give the normal J N to the 
grain boundary plane. 
Fig. 15. Transmission Electron Micrograph displaying the 'rosette' 
pattern caused by bending in a thin foil. 
Scale t-- 2~m. ----I 
Fig. 16. Series of Transmission Electron Micrographs and Diffraction 
Patterns showing how the centres of 'rosettes' can be used 
to obtain the mismatch across a grain boundary. The centre 
of each rosette corresponds to an exact beam direction and 
can be positioned by tilting the specimen directly onto the 
boundary. Mismatch can then be computed from the grain 
orientations and recorded tilts. 
Scale 1---2~.-------i 
b) Diffraction Pattern from centre of rosette. 
Beam direction [110], tilts: 7.33°ccw., 15.420 cw. 
Camera length 72.5cms. x 1.5. 
c) Tilting to position rosette on other side of boundary. 
Til ts: 5°ccw., 6°cw. Scale t-- 2 ~m. ~ 
d) Required rosette position on boundary. 
Tilts: 4°ccw., 5.170 cw. Scale 1---2 I1m.~ 
e) Diffraction Pattern from centre of rosette, direction [111] 
Camera length 72.5cms. x 1.5. Tilts: 4°ccw., 5.17°cw. 
Fig. 17. Measurement of grain mismatch across a discontinuous 
precipitate interface. Specimen aged for 4 hours at 700°C . 
a) First viewing direction, tilts: 21.33° cw., 14.83°ccw. 
b) Second viewing direction, tilts: 16°ccw., 14.83°cw. 
Scale 1--1 ~m.-----i 
c) Diffraction Pattern of beam direction [110] at the tip of the cell. 
Camera length 72.5cms. x 1.5. Tilts: 24.33°cw., 19.80ocw. 
d) Diffraction Pattern of beam direction [013] in receded grain. 
° ° Camera length 72.5cms. x 1.5. Tilts: 17.33 cw., 8.66 cw. 
e) Second Diffraction Pattern [100] .which uniguely defines receded grain. 
Camera length 72.5cms. x 1.5. Tllts: 20.0 cw., 9.87°ccw. 
Fig@)OIFFRACTION 
R 
45° 
(1 ) 
31.~8° 
• 
• • • • 
200 220 
• • i / 
040030020 oio ..l/~ 020 
• X .-X~_ 
X X X X X 
140130 120 / lio 1'00 
• X .... • 
240230220 2io 200 220 
X X X X X 
340 330320 3i0 300 
• X • X • 
• 
• 220 
· --i31 , 11 0 ,. 
• 
• 
• 
45° 
• 
• 24 0 
042 • . • ~x C 
• ~ A 042 
02 1 . 8 • • X _ ,, 11 
132 III X .. 
2~2 ?Ol 220 
• 
5852 ° X 
• 3i2 • 
4 0 2 
• 
311 
• 
• 
PATTERNS USED 
R 
IN 
54.74° 54 .74° 
(2) 
0 44 
_f 
22 2 
• X 
• 
• 200 • 
;1, i • 
III III 122 
• 022 
_~. A ~_ 
X • 
0 11 8 ..... _ _ 022 
• X 
122 
• 22 2 
26.57° 
• 
X 100 'e lll 
lil , X ' • 2i l 200 
• • 3il 311 
4\ t 
A A 
2~2 2~' * 
X _ X e--_ 
033 022 oi l 022 
X X X X 
. 223 212 / 201 ,\0 
424 402 420 
R (6) ~ <~O '1.581 B'z,[i22] 
• 133 
71.57° 
• 
• 442 
- ---------
GRAIN MISORIENTATION PROGRAM 
R 
(3) 
• 
60° 
• I 
60° 
202 • 
220 • 
' liO j X~A ___ 022 
.---~: 0, 022 0 11 X A • 
. j 'OI '. 
• 
• 
46.5 1° 
220 
202 
• 
• 
X 300 
. 400 
IR 
• 
72 .4 5" 
• 
65.91° 
• 
13.22" 
• OGe 
• 4 00 
• 602 
4 8 .19° 
e - -
O&~ 
R 
Single-crys ta l spo t transmiss ion electron dilTrnction patterns for the Lc.c. crys tal st ructure (1/ 2 + u' + ",' < 22). The wne nxi s z. is the beam direclion n 
as indicated . The crosses in OllC quadrant of the dingram indicate the positi ons of th e spots for the orde red Lc .c. (L I 2) unit cc ll. Th e complele pal tern may be generated 
by repeating these spot s in the remai nder of the patte rn nnd indexing using the ndditi oll of vec tors. 
-------- - ---- -_.-
R 
60.98· 
74 .50· 22.57· 75.04· R 
• 
• • • 
• ~ 232 X_ T 200 ---- -X 1~4 ______ X'~2 A ------ ~64 15.50· 
064 032 8----
• 242 
X 
i2 1 
• X •• 
X 1154 132 X X 100 A 064 ~ 1 ------- . 
-2G4 232 X 200 ---.... 264 
X 364 332 X X 300 
(9) 
• 064 
. 400 
76.37" 
(12) • 604 A , v36 '2 121 8 v8 . 
• 
27. 27· 
X 
032 
• X 
X 210 \ 
301 
511 4 20 
• 
33i 
• 242 
(10)Z ' ~~0'2 . 582 r ~~9 ' 2.517 8 ' ,. ' [i23] 
64 .76· • 
50.48· 
• 
• • 
V "3B· R • X 
31i 
220 , 
044 033 
• 
041 X 110 
• 131 X ". 
• 153 
331 
." A 
--X 
022 oil 
i~ ' ~ '8 A A~i 
262 X 221 220 X 35.26. 
• X X 
3ii 
r 
B 
3~2 3il 330 . 
• X 335 324 3i3 302 311 
442 X 401 • 
5~2 511 
(13) 
• 62 2 
R 
(colll inued) 
A 
7Ed7· 
• 
282 
. ___ '~IX 
. ---102 X I~IY ___ 
OU? - ---,-Y----
IB2 X O~I X-------
141 
282 . 24 1 X 
382 X 3h l Y 
313 
/ 
R 
64 .12· 
• • 
T 700 _______ • 782 
C _ 11 
>:e'----D - . ""2 YI~A 
l zoo . 282 
X 00 
. 400 
620 
\ 
A 
c- · x .- X 033 022 oi l 022 
X X X X 
33i 
3? 3 
", r \' 
• • 62~ 602 620 642 
Fig.@) THREE - DIMENSIONAL CONFIGURATION OF HOW 
(100) DIRECTION COORDINATES WERE OBTAINED 
FROM DIFFRACTION PATTERNS. 
Example [111] B [111] 
[001] 
[101] 
220 202 I i /~ I 
C [101] 
(R) 
- I // -022- - - ~ ~ - - - ·022 
/ / I 
- ~ I 
202 
(R) 
[111 ] • 220 
The table of angles between cr,ystallographic directions show all angles 
of (100) to the nearest (111) to be 55° 44' (G). (100)' s are perpendicular 
to each other. (111) 's projected onto the base plane (containing axes 
A and C) are at 600 and 0° to the A axis. The three different (100) 
directions therefore have coordinates :-
1)[100) A(1) =-Cos 60°. Sin 54°44' =-0.4082 
E(1) = Cos 54°44' = 0.5774 
C(1) = Sin 60°. Sin 54°44' = 0.7071 
2) 1001] A(2) =-Cos 60°. Sin 54°44' =-0.4082 
E(2) = Cos 54°44' = 0.5774 
C(2) = Sin 60°. Sin 54°44' = 0.7071 
3) 1010) A(3) = Sin 54°44' = 0.8165 
B(3) = Cos 54°44' = 0.5774 
C(3) = 0.0 
The (111) diffraction pattern is an ambiguous case where a mirror image 
of the above coordinates is also possible. Note that the opposite of 
the given (100) directions must also be considered making a total of 
twelve. 
Fig. 20. Scanning Electron Micrographs of etched sections in 
'as received' material (extruded and hot rolled to bar stock). 
Homogenous distribution of grain boundary and carbide 
particles though not of particle sizes. 
-2 Length of grain boundary = 0.35 ~m. ~m 
Number of particles = 0.083 ~m-2 
a) General structure 
Scale 1--25 ~m .--I 
b) Half the scale used for measurement. 
Scale 1-----10 f.1m.~ 
Fig . 21 Three Scanning Electron Micrographs illustrating ' abnormal ' 
grain growth phenomenon in a specimen aged f or 8 hours at 
10 10 oC. These were part o f a montage from which the r elation 
of carbide particle and grain boundary distribution was 
studie d . Large grains have grown regardless of the high 
proportion of particles present. 
a) Meeting of large grain and small grain region . 
Length o f grain boundary = 0. 111 Ilm• Il m -2 
Numbe r o f particles = 0 .046 Ilm - 2 
Scale ~10 Ilm .~ 
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b) Large gr ain region . 
Length of grain boundary = 0.022 -2 !lm. !lm 
Number of particles = 0.038 -2 !lm 
Scale f-10 !lm.-I 
c) Small grain region. 
Length of grain boundary = 0 .1 85 !-Im. - 2 !lm 
Number of particles 0.045 !lm -2 = 
Scale 1-10 !lm.----i 
Fig. 22. Micrographs depicting the regions o f large and small grains 
formed in specimens annealed at temperatures around the 
commercially recommended solution heat treatment of 108ooc. 
a) Duplex grain structure following 8 hours at 1120oC. 
Scanning Electron image of a transverse section. 
Scale t-100 flm.~ 
b) Duplex grain structure more clearly revealed by grain 
boundary carbide precipitation in a specimen annealed for 
8 hours at 108ooc (air cool) and aged for 16 hours at 
700°C. 
Scale t-100 flm.----l 
Fig. 22 continued. 
c) Optical micrograph of a longitudinal section in a spec imen 
aged for 8 hours at 108ooC. The large and s mall g r a in 
regi ons are seen to extend into bands in the direction of 
previ ous worki ng . 
NB. The ext remely large particles visible are primary Ti(C,N). 
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Fig. 23. Scanning Electron Microgr~phs showing large g rain growth 
in a specimen solution treated for 6 hours at 1150 C 
(Note how air cool has caused continuous precipitation). 
a) Scale 1------0. 
b) Length of grain boundary = 0.099 ~m ~m -2 
Number of particles = 0.0034 ~m-2 Scale r--- 0.1mm.~ 
c) Grain boundary continuous precipitation. 
Scale t--20 ~m.----I 
Fig. 24. Scanning Electron Micrograph exhibiting M23C6 precipitation 
within zones of incipient grain boundary melting incurred by 
solution treatment for 6 hours at 12500 C (water quenched). 
Scale 1--25 ~m-; 
Fig@COMPLETE PARTICLES EMBEDDED IN PLANAR 
SURFACE OF AN OPAQUE MATRIX. 
a. Embedded particles showing true sizes . 
b. Particles partly obscured by matrix. 
I 100 118 8 I111 b} o· o· 00 
c. Particle distribution assumed composed of an 
equal and opposite ie. 'a' matched by 'b ' 
---- --- - --- ~-
FIG.@) SOLUTE CONCENTRATION PROFILE AROUND A 
DISSOLVING SPHERICAL PRECIPITATE. 
r 
Fig.@ COMPUTER-SIMULATED D1SS0LUTION OF A 
SPHERICAL CARBIDE PARTICLE. 
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Fig. 28. Scanning Electron Micrographs of a deeply etched section in 
a specimen given a three-stage heat treatment; 8 hours at 10800 C 
+ 24 hours at 850°C + 16 hours at 700°C. 
These are typical examples of the morphology of the grain 
boundary 'dendritic' type continuous precipitation. 
a) Scale I--20 ~m.-----l 
b) Scale I-- 20 ~ m.-----l 
Fig. 28 continued. More detailed micrographs of 'dendritic' type 
grain boundary continuous precipitation. 
c) Scale 5 }lm. 
d) Scale 1----5 11 m • ---1 
Fig. 29. Transmission Electron Micrograph showing the early stages 
of growth of a 'dendritic' type continuous precipitate on 
a grain boundary. Specimen aged for 4 minutes at 700oC. 
(small grain size) 
Scale /--0.5 Jlm.-i 
Fig . 30. Scanning Electron Micrographs showing the facetted form of 
M23C6 continuous precipitation on grain boundary. 
Specimen aged for 24 hours at 88ooc. 
a) Scale 
b) Scale t-- 2 I.l m .------t 
c) Scale 1--2 ~m.----l 
Fig. 31. Transmission Electron Micrograph in dark fie l d showing the 
change from facetted continuous precipitation to discontinuous 
precipitation with change of grain boundary curvature. 
Note M23C6 precipitates pre f er growth in a pa rticular direction. 
Specimen aged for 4 minutes at 850oC. 
Scale 1--1 ~m.----i 
Fig. 32. Transmission Electron Micrographs of grain boundary 
continuous precipitation associated with discontinuous 
precipitation. Both cause grain boundary migration. 
Specimen aged for 4 minutes at 850oC. 
a) Dark field:facetted M23C6 continuous and discontinuous 
precipitates aligned with same grain. 
Scale 1---1 Ilm.~ 
b) Bright field: two forms of precipitation aligned with 
different grains, the continuous precipitation (top left) 
is aided by solute transport along the twin boundary. 
Scale 1-0.5 ~m.----l 
Fig. 33. Transmission Electron Micrograph of a 'complete spread' of M23C6 continuous precipitation along a grain boundary from an 
undissolved carbide particle. This is checked where a twin 
meets the boundary at a smaller particle. Discontinuous 
growth takes over on the other side of the twin. 
Specimen aged for 4 hours at 700°C. (large grain size) 
Scale f- 0.5 f1 m.----i 
Fig. 34. Scanning Electron Micrograph exhibiting the 3-dimensional 
nature and the high occurrence rate of twins. 
Specimen solution treated for 8 hours at 10800 c and aged for 
8 hours at 850oC. Section deeply etched. 
Scale f---- 50 ~ m.--1 
Fig. 35. Transmission Electron Micrograph of M23C6 continuous 
precipitation on non-coherent twin which connects the 
parallel, planar coherent twins. 
Scale /-0.5 ~m.-i 
Fig . 36. Transmission Electron Micrograph of a 'feathery' type 
precipitation on a non-coherent twin boundary. 
a) General position within alloy 
Scale 1--2 f.lm.~ 
b) Detail view 
Scale 
• 
Fig. 37. Transmission Electron Micrographs showing two different 
views of M23C6 continuous precipitation on non-coherent 
twin in its early stages. 
a) View parallel to the boundary plane 
Scale t--O.5 I1 m.--I 
b) Precipitates shown to extend in parallel directions 
along the non-coherent twin boundary. 
Scale 1--0.5 I1m.--i 
Fig. 38. Scanning Electron Micrographs showing 'rafts' of heavy 
continuous precipitation on non-coherent twins in a 
deeply etched section. 
Specimen aged for 24 hours at BBooe. 
a) Scale 1----2 ~m.--i 
b) Scale ~ 2 ~ m.-------1 
Fig. 39. Transmission Electron Micrographs from two different 
directions revealing the early stages of discontinuous 
precipitation. 
Specimen aged for 4 minutes at 850oC. 
a) Arrangement of nuclei along a grain boundary. They are 
densely populated and seem to follow the pattern of the 
grain boundary structure. 
Scale t- 0.5 ~m.---1 
b) Above arrangement seen clearly to be a discontinuous 
cell. 
Scale f-O.5 ~m.--I 
Fig. @ RELATIONSHIP BETWEEN THE NUCLEATION OF 
CONTINUOUS AND DISCONTINUOUS PRECIPITATES. 
a. Continuous precipitation. 
grain er 
------~,140j,~w)~------
grain fJ 
b. 
c. 
a: 
---n 
d. Discontinuous precipitation. 
e. 
a: 
- -n' 
n 
f. a: 
fJ' 
fJ 
where 
a: = grain not aligned with precipitate. 
fJ = host grain. 
fJ' = solute depleted matrix. 
Fig. 41. Transmission Electron Micrographs exhibiting the characteristics 
of discontinuous M23C6 precipitation. Specimen aged for 4 
mins. at 700oC. 
a) Dark field image which demonstrates how the precipitates 
have an orientation relationship with the grain which hosts 
nucleation. The precipitates on the other side of the twin 
which divides the cell are aligned to the twinned grain. Growth 
direction appears to be influenced by the host grain and can be 
affected by growth in an adjacent region. 
Scale 1-0.5 ~m.--i 
b) Bright field image of the above cell. 
Scale 1-0.5 Jlm.--i 
c) Extension of the grain boundary in 41 b. showing 
discontinuous precipitation growing into both grains from 
adjacent cells. 
Scale 1-0.5 ~ m.--l 
Fig. 42. Transmission Electron Micrograph showing the change in mode 
of precipitation along a grain boundary intersected by a 
twin boundary (upper left). The large intragranular particles 
are undissolved M7C3 carbide which are effective in restricting 
grain growth. 
Specimen aged for 4 minutes at 700oC. 
Scale 1--2 ~m.--; 
Fig. 43. Transmission Electron Micrograph of a specimen aged for 
4 mi nutes at 850oC. The scattered small surface particles 
(dark) are Ni 3(A1,Ti)of an average size 29nm. 
Scale 1-0.5 Ilm.-; 
Fig. 44. Transmi ssion Electron Micrograph o f a t hin foil with unusually 
high number of loose surfa ce Ni3(A1,Ti)particles. These may be compared to the lighter partlcles seen in between which 
are within the foil. Specimen was aged for 30 mins. at 8500 C 
and the average particle diameter is 56nm. 
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Fig. 45. Transmission Electron Micrograph of a specimen aged for 
120 mins. at 850°C. The matrix regions are heavily 
precipitated with Ni3(A1,Ti) particles which are becoming cuboid in -shape. Average side of 87 nm. 
Scale I--- 1 11 m • ---------.:, 
Fig. 46. Scanning Transmission Electron Micrograph indicating by 
carbon deposits the analysis positions used to produce a 
concentration profile in the matrix perpendicular to a 
discontinuous precipitate. 
Specimen aged for 4 hours at 700°C. 
a) Long range profile Scale 1--2 ~m.---i 
b) Short range profile Scale 1--0.5 ~m.--l 
Fig. 47. Transmission Electron Micrograph of a second discontinuous 
precipitate for which a concentration profile was 
determined in the matrix perpendicular to the cell. 
Spec i men aged for 4 hours at 700oC. 
Scale I-- 2 ~ m .------1 
F ig . 48. Transm i ssion Electron Mi crograph of a discontinuous 
precipitate with continuous growth at the base of the cell. 
Concentrations were determined at the positions indicated 
by the dark spots of carbon deposits. 
Specimen aged for 4 hours at 700oC. 
Scale 1--1 11 m • ----; 
Fig@)SOLUTE-M CONCENTRATION AT THE ADVANCING ' 
BOUNDARY OF DISCONTINUOUS PRECIPITATION. 
C8 precipitate concentration ------------- r------I m 
ca: initial matrix concentration 
m 
Fig.@)COLLECTOR BASE MODEL SUPPLYING CARBON 
TO A DISCONTINUOUS PRECIPITATE. 
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Fig. 51. ~ransmission Electron -Micrograph of a discontinuous 
-precipi tate with continuous precipitates growi_ng -.at its 
base. -
Specimen aged for 4 hours at 700oC. (large grain size) 
Scale I-- 0.5 11 m.-i 
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CELL GROWTH. I 
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') 
-J c. from computer simulation" each particle controlling proportional 
dissolution~ a." volume of matrix (hence compatible). 
-1 2 
not possible b. ____ "',~, 
-""-,, 'J 
U 
L 
....... 
I-
--. 
o 
>---< 
.... 
Cl 
--~ 
--- ----~ ~ /". ~ . -~ particle 
__ -- .-- -~ ~ ~ diameter 
c./ dotted line indicahng '-~4000A 
parhal dissolurion "-
~4oooA 
o 
"2000A 
,1. ______ .. _____ -__ 
-----------, ----------, 
130 :82 131 135 13S 1 1 :.1 1 1 2 1 1 .~ 1 1 G : 1 [; I 28 
1 
~< 13· 
GRAPH@ COMPUTER SIMULATED DISSOLUTION TIMES vs. TEMPERATURE OF M23C6 
L os 1 3 PARTICLES ACCOUNTING FOR REGIONAL VARIATIONS IN SIZE. 
r 
U 
W 
(f) 
Ci 
") 
J 
o 2 
.-J 
~ 1. 
_J 
C1 
l/) 
III 
... , 
o 
. 1 _ ... _______ . __ _ 
Dotted line represents partial dissolution. 
- -/- ........... 
............ /. . .......... 
/ ~~-_ 0 / / /' ~ -- - -- --- - -- --- --_____ 6000 A d iamerer 
<, / / ~ (840/0 particle removal) 
. ""'-..~ 
~'----~~ 4000A diame~er 
(50 % particle removal) 
'---. ..... 
''----------~- 0 ---~------. ___ 2000A diameter 
(16 % particle removal) 
--;------------_._-----------_._--------, 
130 132 131 136 138 I 1 3 : 1 2 1 1 .! 1 1 S 1 I 8 I 28 
1 X13' 
"", T r r ni' '-r I n ~, T r ["1 r rl [! f'. T I • R r- ( c- ) -' •. J..J '-' L_ U ... 11 J .' _". \ U ... _ . 
GRAPHS @) SERIES ··OF M-SOLUTE CONCENTRATION PROFILES DURING COMPUTER 
M-A Ton DENS I TY NO. PER. NM 3 -SIMULATED DISSOLUTION OF M23C6 PARTICLES. 
LOG 1 0 0 (REGIONAL SIZE VARIATION) 
2 .9.:. Diameter 2800A Temperature 1888°C. 
Completion Time 2·9sec. 
1_ .------~-- -c---~--_:__, --~--~--~-----,I 
21 = 1 S 8 10 12 1'7 16 
:< 18~ 
~!STAN[[ FROM PARTICLr crNTRC 
[1-I\TOil OeNSITY NO .. FTR.t\JM 3 
° 12:. Oiamerer 10G8 A Temperature 1 3S8°C . 
.--T-,-,---, 76. "l6 
Completion lime 72·1 sec. 
. 
.. _----_._-------_._---, 
,~ 5 8 13 1 2 1 .: 1 S 
M-ATOM DENSITY NO.PER.NM 3 
o LOG10 
2_ ~ Diameter 5000A 
1---____ ,.., 76 .16 
----------
Temperature 1 38~ °C. 
Complehon Time 69·2sec. 
--l::=:=----============~_==== _________ 20. I 8 
1 .. ~ __ . ______ -:--. -------:--, ---_---_________ ---, 
~ 2 1 5 8 13 12 11 15 
~< 1 3~ 
DISTANCE fROM rARTICL[ C[NTR[ 
r--------------------------
M-ATOM DENSITY NO.P[R.NM 3 
LOG13 
2 ° Jl Diameter 1800A Temperature 1 150°C. 
Completion . Time 8·4sec. 
r- -r,T""r-r-l-""--' 7 6 . 16 
~~~~~~~~~~~~ _______________________ 20.13 
1. o 
o o 
o 1 5 13 12 1.1 ,., 
X 13<-
I 
16 
Q ~ ST ANrT FRG:1 PART I elf: C[NTR~: 
M-ATOM DENSITY NO.P[R.NM 3 
LOG13 
2 
o ~ Diamerer "+(300 A Temperature 1 1 83°C. 
Completion Time 3·4sec. 
L-~---"::~~~==~~~--t!Z!IB ______________ 20. I Cl 
1 ___ . ______ ----:-----~---~------~----.-~, --------, 
2l ~ '1 6 8 I 3 1 2 1 .~ 1 6 
X18~ 
DISTANCE rRGM PARTICL[' CENTRe 
a. 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
..--
E 
c 
co 
. 
~ 
-'-
u 
QJ 
tf) 
--
--QJ 
LJ 
b. 
Sample : 4 mins at 700°C 
Depth of Cell (nm) 
R~~G~ 2 4 b 8 ID 12 14 Ib 18 20 22 24 26 23 30 32 34 3~+ 
-150 : : : : •• : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 
-300 - I I 2 
~50 - 4 7 5 2 
-bOO _ I 3 2 I 2 I 
-750 - I 2 3 4 I 2 
-900 - 2 3 2 I 
-1050 - I 1 3 
-1200 - 1 I I 1 
-!350 - 2 I I 2 I 
-I5CO - I 2 1 
-!050 - 1 1 I 
-I8co -
-1950 - I 
-2100 -
-2250 - 2 I 
-2400 - I 
-2550 -
-2700 -
-2350 - 2 
-
I 
I 
I I I I I 
I I 
I I 
I I 
I I 
I 
I I 
I 
I 
I 
I 
E 
c 
--
Precipitate Diameter Range (nm) 
. 
co 
. 
~ 
en 
c 
0 
~ 
RANGE ~ ~ ~ ~ ~ ~ z ~ (xIOn~.) 
-150 - • . • • • . • • 
-300 - It 2 
-450 - Ib b 2 
-bOO - I B It 
-750 - ID It 2 
-900 - b 4 I 
ro· -1050 - 5 3 
-1200 - I 2 I 
.c. 
-+-
en 
c 
QJ 
-1350 - 4 4 I 
-1500 - It I I 
-Ib50 - 3 I 
-1800 - I 
-1950 - I 2 
-2100 - I 
--.:.J -2250 - 2 I 
-2400 - I 
C 
0 
-2550 - I 
-2700 -
-2850 - I I I 
-+-
u = = = = = 
QJ 2 453710 ° 
(/) 
-.J 
--QJ 
LJ 
2 
2 
I 
I 
I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample : o 4 mins at 700 C 
c. 
-E' 
c 
--
4-
o 
..c 
""-
Cl.. 
QJ 
o 
Precipitate Diameter Range (nm) 
I 234 5 b 7 8 (x1On~.) 
RAIiG~ •••••••• 
-35 - i , . . . . . . 
-70 - I 9 2 3 
-105 - II 7 2 
-140 - 12 3 
-175 - 8 5 
-210 _ 6 I I 
-245 - 1 2 
-280 - 3 I 1 
-315 - 2 2 
-350 - 2 3 I 
-385 - I 2 
-420 - I 
-455 -
-490 - I 
-525 - I 
-560 - I 
-595 -
-630 - I 
-665 - I 
-700 -
-735 -
-770 -
-805 .:. 
-840 -
-875 -
-910 -
-945 -
-980 -
-IOI5 -
,-1050 - I 
-1085 -
-II20 -
-II55 -
-II90 -
-1225 -
-121>0 - I 6 
I 
GRAPH.@ 
a. 
-
· E 
C 
--
· co 
· l!J 
tsl 
C 
0 
--ro 
..c 
4-
Cl 
C 
QJ 
-.J 
C 
0 
001-
u 
QJ 
(/') 
-
--QJ 
LJ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample: o 16 mins at 700 C 
Depth of Cell (nm.) 
240 
RANG?: : ...... . . . . . . 
-
-300- 2 
I I 2 I 
-600- I I 3 2 
- I 2 2 I 2 
-900- 3 I 3 
I 
2 
2 I 
I I I 2 3 I 2 2 
-1200- I I 
-
I 121 I I 2 
-1500- I I I I 
-
I 3 
-IBoo- 4 
2 3 2 2 
-2100- I I I 2 I 
-2400- I I ~ 
I 
I 
I 
I 
I 
2 I 
I 
2 I I I I I 
-2700- I I 
-
I 
-3000- 2 
-
-3300-
-
I I I 
-3000-
-
-3900-
-
-4200-
-
-4500-
-
I 
-4800-
-
-5100- I 
-
I I 
-51+00- I 
-
-5700-
-0000-
-0300-
-0600- I I 
-6900-
-7200-
-
-7500-
-
-7Boo-
-
-8100-
-
-8400-
-
-8700- I 
I I 
I 
I I I 
I 
I 
I 
I I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
total- 21713131514 12 B 9 7 3 4 5 4 ~ 2 2 I I 2 I I I I I I 1 3 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample : o 
. 16 mins at 100 ( 
b. Precipitate Diameter (nm.) 
2 4 b 8 10 12 14 (xl0n!'J.) 
R.~"G!!: : : : : : : : : : : : : : : 
-
-300-
-
2 3 I 
-000- 2 5 I 
5 ! 2 
-90J- I 7 3 
-
4 b 3 
-1200- 3 I 
-
2 b 3 
-1500- 3 2 1 
.--
-
2 I 4 I 
. 
-1800- 341 E - 181 
C -2100- 8 
-
...-
-2400- 3 I 1 1 
342 
. 
-2700- 1 I 1 
co - 1 2 
-3000- 1 I 1 
l!J -
-3300- I 
-
2 1 
en -3bOO-
c 
0 -3900- 1 
--.J 
-
I 
ro -4200- 1 
-
.c -4500-
4- - I I 
en -4800-
c 
-5100- I QJ 
-
I I 
-.J 
-5400- I 
-
I 
C -5700-
0 -
-bOOO-
4- -
u -6300- I 
QJ - I 
(/) -bbOO- 2 
-
-b900- I 
-.J -
-.J 
-7200-QJ 
-LJ -7500-
-
-7800-
-
-8100-
-
-8400-
-
-87CO- 1 
= = = = = = = = = = = = = = 
totlll- tu 05 35" 3 I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample . 0 16 mins at 100 C 
c. Precipitate Diameter (nm.) 
2 4 6 B 10 12 14 (xIOrll'l.) 
RANG3 : : : : : : : : : : : : : : 
-
I 
-70- 6 a i I 
-
-140- 5 6 2 
-
b 6 3 
-210- 5 7 2 
-
3 4 5 
-280- 152 
-
153 
-350- 5 I 
-
2 I 
-420- 4 
-
-
2 3 . 
E -490- 3 I 
-
2 I 3 
C -560-
--
-
I I 
-630- I I 
-
I 
~ 
-700- I 
QJ - 2 
LJ -770-
-
-840-
\I- - I 
0 -9IO- I 
-
I 
..c:::. -980-
..f- - I 
0... - - -I 050';--
-QJ 
-II20- I 
0 - I 
-II90- I 
-
-I2&0- I I I 
= = = = = = = = = = = = = = 
total- 4r &5 35 3 I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample : o 4 hrs at 100 C Normal G. S. 
a. Depth of Cell {nm} 
2 4 b 8 10 12 14 16 18 20 22 24 20 23 30 32 34 30+(x35~~' R:':IG::: .. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 
-150 -
-300 -
-450 - I I 
-000 - 3 I I I I I 
-750 - I I I 
-900 - 2 I I I I I I 
-1050 - I 2 I I I I 2 
-1200 - I I I 2 I I I 
-I35° - 131 I I I I I 
--
-I5CO - I 2 I I I 
E -1050 - 2 I 2 I 1 
C -1800 - I I I I I 1 
-...-
-1950 - 2 I I I 2 
-2IJO - I I I 2 
. -2250 - I I I I 
co -2400 - I I 1 1 I I 
. -2550 - I I I I 2 
~ -2700 - I I I I I I 
-235C - I I I I 
Ol 
-3000 - I I 
-3150 - I I 
C -3300 - 2 3 I I 
° 
-3450 - I I 
---J -3000 
- I I I 
to -3750 - I I 
-3900 - 2 I 
-C -1t050 - I 
-&- -1.20J _ I 
Ol -4350 - I I I 
C, -4500 - I 
QJ -lt0 50 -
-4800 - I I I 
-.J ' 
-4950 -
-5IOO 
-C -5250 -
.0, -51+00 - I I 
-5550 
-
-L- -5~00 - I u; 
-5 50 - I QJ' 
-bOOO 
-l/) 
-0150 
-
-oaoo -
---
-6 50 -
---
-6000 - I I QJ 
-0750 -
L..J -0900 -
-7050 -
-720J -
-7350 -
-7500 -
-7650 - I 
-7300 -
-7950 -
-8100 - I 
-8250 -
-8400 -
-8550 -
-8700 -
-8e50 -
_qOGO -
I 
= = = = = = = = = = = = = = = = = = = = = = = = - - - - - = - - = 
6 12lD 6 5 31010 313 5643344 523 I 2 221 2 ... I :~ '-
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample : o 4 hrs at 100 C Normal G.S. 
b. 
-E 
c 
. 
en 
. 
l:J 
01 
C 
o 
~ 
ro 
..r::. 
""'-01 
C 
QJi 
-I 
C 
o 
-'-
u 
QJ 
(/) 
Precipitate Diameter Range (nm) 
Rri:IG: : f : 4 ~: ~ : I? : If : 1~ : I~ : (xlOnm) 
-150 -
-300 -
J..50 - 1 I 
-600 - 5 I 2 
-75:'- I I 
-900 - 3 I 1 1 I 2 
-1050_11321 
-1200 - 3 2 2 I 
-1350 - 7 2 I 
-1500 - I I I 2 I 
-1050 - I 5 I 
-1800 - I I 3 
-1950 - 2 2 I I 
-2IJO - I I I I 
I 
-2250 - 2 2 
-2400 - 2 2 2 
-2550 - I I I I I I 
-2700 - 2 3 I 
-2650 - I 1 1 I 
-3000 - I I 
-3150 - 1 1 
-3300 - I I I 2 I I 
-3450 - I 
-3000 - I I 1 
1 
-375J - 2 
-3900 - I I 
-11050 -
-1120J _ ,1 
-11350 - I I I 
-4500 - I 
-110 50 -
-4800 - I I I 
-4950 -
-5100 --
-5250 -
-5400 - 2 
-5550 -
-5700 -
-5050 -
I 
I 
-0000 -
-6150 -
-6300 -
-0450 -
-0000 - 2 
-075° -
-6900 -
-7050 -
-7200 -
-7350 -
-7500 -
-7650 - I 
-7300 -
-7950 -
-BI0G - 1 
-b25u -
-i:l!tou -
-B550 -
-87GO -
-~f;50 -
_9 GCJO -
I I 
I 
1 
I 
I 
I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
c. 
Sample: o 4 hrs at 100 C .. Normal G. S. 
--E 
c 
4-
o 
.c:. 
~ 
D.. 
QJ 
o 
Precipitate Diameter Range (nm) 
RANG;': ': ~ : 1 : ~ : ~. :I~ :r;~ :11 :1~ (xIOn:n) 
-35 -
-70 - I 4 I 
-105 - 7 2 
-140 - 0 I 
2 I 
-175 - 2 I I I I 
-210 - I I I I I 
-245 - 2 I 
-280 - I 2 5 I 
-315 - 2 3 I 2 2 
-350 - I I I 
-385 - 2 3 4 2 I 
-420 - 2 2 I 
-455 - 3 I 2 
-490 - 2 I 
-525 - 2 I 
-560 - I I I 
-595 - I I 
-030 - 3 I 
-665 - I 2 I I 
-700 - I I 
-735 - I I I 
-770 -
-805 -
-840 -
-875 -
-910 -
-945 -
-980 -
~IOI5 -
-1050 -
-1085 -
-II20 -
-II55 -
-II90 -
I 
I 
I I 
I I 
I 
2 
I I 
2 
I 
-1225 - I 
-1260 - I I 2 3 3 I I 3 
I I 
I 
I 
I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample : o 4 hrs at 100.C Large G.S. 
a. Depth of Cell (nm.) 
2 4 b 8 10 12 14 Ib 1& 20 22 24 26 2::; 30 32 34 :3;1- ~35) 
R/JIG:'; : : : : : : : : : : : : : : : : : : : : : : : : : : : 
-150-
_300-
-450- 221 I I 
-000- 2 4 2 
-750- I I 2 2 I 
-900- 203 I 
-1050- 2 2 I 2 
-1200- 122 I I 1 I 
-1350- I 2 2 I 
-1500- I I 2 I 
--
-1050- I I I 
. 
-1800- 4 
E -1950- 2 I 
C -2IOO- I I 
-
-2250- I I 
-2400- I 1 I 1 I 
-2550- 1 I I' 
. -2~00- I 1 co -2 5J- I I I I 
-3000- I 
l:) -3150-
-3~00- I 1 1 
-3 50- 1 I 
Cl -3000-
C -3750-
0 -3900- 1 1 
--
-4050-
re -4200- 1 1 
-4350- I 
..c -4500-
, -4b50-
-I-
-4800-Cl 
-4950- 1 C -5100-
QJ -5250-
---1 -5'+00-
-5550- 1 
-56°0-
C -5 50-
0 -bOOO-
.- -bI50-
1 
-I- -b~OO- 1 
U -b 50-
QJ -bbOO-
(/) -b750- I 
-0900-
-7050-
--
-7200-
--QJ -7350-
U -7500-
-7b50-
-7800-
-7950-
-8100-
-8250-
-8400- I 
-8550-
-8700-
-8850-
-9000-
-9150- I I I I 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
- - -
total- 720 ~ 17 9 0 3 2 2 2 4 I 1 2 I I I I I I I I 3 
GRAPH.@) 
DISCONTINUOUS PRECIPITATION MEASUREMENTS.· 
b. 
Sample : ·0 
4 hrs at 700 C Large G.S. 
-· E 
c 
--
· co 
· ~
01 
C 
o 
----re 
..t:=. 
~ 
en 
c 
QJ 
--1 
c 
o 
0-
~ 
u 
QJ 
(/') 
----
--QJ 
LJ 
Precipitate Diameter (nm.) 
2 It b 8 10 12 14 Ib IS 20 (xIOnn.) 
RANG:!: ::::: ...... ::::::::: 
-
-300-
- 2 I It 
-600- I 4 2 I 
- I I 3 I I 
-900- I 5 3 I 2 
- 131 I I 
-1200- 2 It 2 I 
- I 2 3 
-1500- 3 I I 
- I I I 
-1SOO- 2 2 
- I I I 
-2100- 2 
-
I I 
-2400- 2 I I I 
-
2 I 
-2700- I I 
-
2 2 
-3000- I 
-
-3300- 3 
-
I I 
-3bOO-
-3900- I I 
-4200- I I 
I 
-4500-
-4800-
-
I 
-5100-
-5400-
-
I 
-5700-
-
-bOOO-
-
I 
-b300- I 
-
-bbOo-
-
I 
-6900-
-
. -7200-
-
-7500-
-
I 
-7800-
-
-8100-
-
-8400- I 
-
-8700-
-
-9000-
2 I I 
= = = = = = = = = = = = = = = = = = = = 
total- I 52837 2I 7 5 3 2 I I 
GRAPH.@) 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample: - 0 
·4 hrs at 700 C Large G.S. 
c. Precipitate Diameter (nm.) 
2 4 b 8 10 12 14 10 18 20 (xIOnm.) 
. . . . .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. 
.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. 
-
-70- 4 2 I 
- 9 9 I I 
-I40- I I 9 9 4 
- b 6 2 2 I 
-210- 2 3 2 I I 
- 2 3 I 
-280- I I I 
-
-
-350- 1 I 
. 
-
2 
E -420- I I 
-
I 2 I C 
-490- I 
--
-
I 
-560- I I 
~ - I 
-.J 
-630-QJ 
-
1 
LJ -700-
-
4- -770-
-
I 0 
-840- 1 
-
1 
-C -910-
4- -
Cl. -980- I 
QJ -
-1050-
0 -
-II20- 1 
-
1 
-II90-
-
-1200- I 1 1 
- - - - - - - - -
= = = = = = = = = = = 
totsl- 1 523372I 7 5 3 2 1 I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample: o 4 hrs at 100 C Small G. S. 
a. 
-. E 
c 
-
. 
co 
~ 
0"1 
C 
o 
---' 
ro 
...c 
-+-
Cl 
C 
QJ 
.....J 
C 
o 
-+-
u 
QJ 
Vl 
--
--QJ 
\...J 
-
Depth of Cell ( nm.) 
2 I; 0 C I,) 12 11; It> le 20 (x35n"J.) 
.................... 
. . . . . . . . . . . . . . . . . . . . 
-300- I 
- I 
-000- I 
2 2 
-900- I I 
-
2 2 
-1200- I 
-
2 2 I 
-1500- I 
-
I I 
-1800- I 
-
I 
-2100-
-
I 
-2400- I 
-
-2700- I 
-
1 
-3000-
-
I 
-3300- I 
-
-3000-
-
1 
-3900-
-
-4200-
-
1 
-4500-
-
-4800-
-
-5100-
-
-51;00-
-
-5700-
-
-bOOO-
-
1 
-0300-
-
-6bOO-
-
-6900-
-
-7200-
-
-7500-
-
-7800- I 
-
-8100-
-
-8400-
-
-8700- I 
-9000-
I 
= = = = = = = = = = = = = = = = = = = = 
totBl- I 7107 I 5 2 2 I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample : - o 4 hrs at 100 C Small G.S. 
b. Precipi tate Diameter (nm.) 
-E 
c 
-
. 
co 
. 
~ 
en 
c: 
o 
-.J 
re 
.c 
-I-
en 
c 
QJ 
-.J 
C 
o 
4-
U 
QJ 
(/) 
RAlIG?: 
-
-3 00-
-bOO-
-
-900-
-
-1200-
-
-1500-
-
-1800-
-
-2100-
-2400-
-
-2700-
-
-3000-
-
-3300-
-
-3bOO-
-
-3900-
-
-4200-
-4500-
-4800-
-
-5100-
-51+00-
-
-5700-
-
-bOOO-
-
-b300-
-
-bbOO-
-
-b900-
-
-7200-
-
-7500-
-
":7800-
-
-8100-
-
-8400-
-
-8700-
-
-9000-
2 4 b 8 ID 12 14 Ib 18 20 (xIOnm.) 
: : : : : : : : : : : : : : : : : : : : 
I 
I 
I 
I 2 I 
I I 
I I I I 
I 
1 I I I I 
I 
I I 
I 
I 
1 
I 
I 
I 
I 
I 
1 
1 
1 
1 
I 
I 
total- = 4 8 9 4 4 ~ = = i = = = = = = = = = = 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample: o 4 hrs at 100 C Small G.S. 
c. 
E 
c 
--..J 
--OJ 
LJ 
4-
o 
.c. 
-J-
Cl.. 
OJ 
o 
Precipitate Diameter 
2 4 6 8 10 12 14 16 18 20 (xIOnm.) 
RANGE : : : : : : : : : : : : : : : : : : : : 
- I 
-70- 3 I 1 2 
-
-140-
-
-210-
-
-280-
-
-350-
-
-420-
-
-490-
-
-560-
124111 
2 I 1 2 1 
1 
112 1 
1 I 
1 I 
I 
= = = = = = = = = = = = = = = = = = = = 
total- 4 8 9 4 4 6 I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample: o 4mins at 850 C 
a. Depth of Cell (nm) 
Rn..~G~ 2 4 b 8 ID 
12 14 It> 18 20 22 24 2t> 23 3? 3? 3~ : 3~+ (If. 'ls") 
: : : : : : : : : : : : : : : : : 
-150 -
-300 - I 
-450 - I 2 I I I 
-600 - 4 7 b I 
-750 - 2 933 I I 
-900 - I b I 2 b I I 
-1050 - 4 7 I 4 I I 
-
-1200 _ 2 3 3 4 I 2 I I I 
E -1350 - 3 2 3 2 I I 2 I I I 
-1500 - I I 4 3 I I I C 
-Ib50 - ~ b I 2 I I I 
.....-
-1800 - 2 2 4 I 
. -1950 - I 3 131 I I 
ro -2100 - I 3 3 I I 
. 
-2250 - 2 5 4 2 I 
1.9 -2400 _ I I I I I 
I 
-2550 - 2 4 2 I 
-2700 - I 2 I I 
C1'l -2850 - I I 2 
C -3000 - I I I I 2 I I 
0 -3150 - 121 I I 
--
-3300 -
ro -3450 - I I I 
-3bOO - I I 
.c. -3750 - I I 2 
001- 1900 - I I Cl 050 - I I 
C -11200 _ I 
-4350 - I QJ 
-4500 - I I I 
.--l -4050 -
-4800 - I I 
C -4950 - I 
0 -5100 -
-5250 - I 
001-
-5400 -
u 
-5550 - I 
QJ -5~00 -
V> -5 50- I 
-0000 - I 
--
-bI5o -
--
-b~OO -
QJ -0 50-
LJ -6000 - I 
-0750 -
-6900 -- I 
-7050 - I 
-7200 -
-7350 -
-7500 - I 
-7650 - I 
-7.BOO -
-7950 -
-BIOO - I 
-B250 -
-B400 -
-8550 -
-B~OO -
-B 50-
_qOOO-
I I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
b. 
-E 
C 
'-..-
co 
. 
L9 
01 
C 
0 
--IU 
..c 
0+-
01 
C 
QJ 
---' 
C 
0 
0+-
U 
QJ 
(/) 
--
--QJ 
U 
Sample: o 4mins at 850 C 
R.;:,G:: 
-150 -
-300 -
-450 ;-
-bOOI-
-750 - ' 
-900 -
-1050 -
-1200 -
-I350 -
-1,°°1-
-lb50 -
-1800;-
-1950:-
-2100-
-2250;-
-2400:-
-2550'-
-2~00:-
-2 50-
-3000,-
-3150 -
-3300,-
-3450 -
-3bOO -
-3750 -1900 -050 -
-4200 -
-4350 -
-4500 -
-41>50 -
-4800 -
-4950 -
-5100 -
-5250 -
-5400' -
-5550 
--5~00 -
-5 50 -
-bOOO -
-bl5o -
-b~OO -
-b 50 -
-bbOO -
-1>750 -
-b900 -
-7050 -
-7200 -
-7350 -
-7500 -
-7650 -
-7800 -
-~950 -
- 100 -
-8250 -
-8400 -
-8550 -
-8~00 -
-8 50 -
_qOOO -
-
Precipitate Diameter Range (nm) 
1 3 2 
3 ~ 8 3 
4923111 
5 b it 2 1 
4 5 I> 1 
244511 I 
2 4 8 2 I 
222411 
1 b 6 1 1 
24411 1 
3 1 5 2 
251 1 
litb121 
1 131 
3 4 2 I 
2 I 2 
2 2 
3 I 2 2 1 
I 2 I 1 1 
I 2 
I 
I 
2 
2 
I 
I 
I 1 
I I 
I 
2 I 
1 I 
1 
I 
I 
1 
I 
I 
I I 
I 
I 
I 
1 
I 
GRAPH.@ 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
c. 
--E 
c 
'+- ; 
o· 
..c 
-'-- , CL: 
QJ 
o 
o Sample : 4mins at 850 C 
Precipitate Diameter Range (nm) 
RANGE : ~ : ~ : ~ : ~ :1~ /~ :1~ .r~ .1~ .2~ .2~ .2~ (x1Onm) 
-35 - I I I I . . . . . . . . .. 
-70 - 9 II 9 4 I I 
-105 - 9212513 2 I I 
-140 - b 8 II 2 5 5 
-175 - 715 b 5 I 2 I 
-210 - 3 I 5 It 2 I 
-245 - 5 5 2 I I 
-280 - 3 4 I 2 I I 1 
-315 - 2 3 3 I I 
-3§0 - I 3 :~26 _ 3 I I 
-455 - I 
-490 _ 
-525 -
-500 _ 
-595 -
-b30 _ I I 2 
-065 - I 
-700 -
-735 -
-770 -
-805 -
-840 -
I 
-875 -
-9IO -
-945 -
-980 - I 
-IOI5 -
-1050 - I 
-1085 -
-H20 - I 
-II55 -
-II90 -
-1225 -
-1200 - I 
1 
I 
GRAPH.@) 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
Sample : 
a. Cell Depth (nm) 
R .. NG:: f 4 ~ ~ 10 If I~ I? I~ 2? 2f 2~ 2? 2? :3? : (x35n!l:) : : : : : : : : : : : : : : 
-150 _ 
-300 _ 
-450 
-
-600 
-
I 
-750 
-
2 I I I 
-900 _ 4 3 4 3 I I I 
-1050 
-
3 I 2 I 2 I 
-1200 
-
I I I 2 I 
-!350 - I 4 2 I I I I I 
-1500 
-
I 2 I 2 I I 
-1050 
- 2 I 3 3 2 2 
-
-1800 
- 3 I I I I I I 
E -I95J - I 2 2 2 I I -2100 
-
1 2 I J 
C -2250 
-
2 2 I I 
-
-2400 
-
I I I 
-2550 
-
2 2 I 
-2700 
-
I 2 I 
co -2d50 - I I I 2 2 I 
-3000 
-
I 2 I 
~ -3150 2 I I I I -3300 
-
I I I 
-3450 
-
I I 
en -3600 - I I 2 I I I 
-3750 
-
I I 2 I C 1900 - 2 0 t050 I I I 
.--J 
-lt200 I I (0 
-1+350 
-
I 1- I I I 
- .;-;~~:.~ ~ ._.- -
-4500 
-
..c. -4050 - I I I 
-I- -4800 I 
01 -4950 -
C -5100 - I I 
-5250 
-
I QJ 
-5400 
-
I I 
--1 
-5550 -
-5~00 - I I 
C -5 50 
I 
-0000 
-
I 
0 -6150 
-
I I 
-I- -6~00 - I 
U -0 50 
QJ -0000 -
-0750 -V> -0900 
-
-7050 
-
-7200 -
--
-7350 -
--QJ -7500 -
U -7650 -
-7600 -
-7950 
-8100 
-
-8250 -
-8400 -
-8550 - I 
-8bOO --8 50 -
_qOOO -
I 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
2+jt20 3.222n II 9 0 2 I 2 I 2 I 
GRAPH. @) 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
b. 
-E 
c 
--
co 
. 
l:J 
01 
C 
o 
-I-
U 
QJ 
(/) 
QJ 
LJ 
o 
2 hrs at 850 C Sample: 
RANGE 
-::J -
-3~0 -
.J.5J -
-t>J0 -
-75':: -
-9J2 -
-105() -
-I2~J -
-!350 -
-1500 -
-It>5C -
-16J() -
-195':> -
-21JO -
-2250 -
-2400 -
-2550 -
-2700 -
-2350 -
-3000 -, 
-3150 -
-3300 -
-3450 -
-3600 -
-3750 -
-3900 -
-4050 -
-4200 -
-4350 -
-4500 -
-4650 -
-4800 -
-4950 - -::-, 
-5100 -
-5250 - . 
-5400 -
-5550 -
-5700 -
-5850 -
-6000 -
-6150 -
-0300 -
-0450 -
-6600 -
-b750 -
-6900 -
-7050 -
-720J -
-7350 -
-7500 -
-7650 -
-7800 -
-7950 -
-8100 -
-B250 -
-8400 -
-8550 -
-B700 -
-3850 -
-9°00 -
Precipitate Diameter Range (nm) 
I 
2 I I 
1 I 3 4 
2 2 I 
I 1 I 
312 
2 I 
1 2 311 
2 I 1 
I 1 
411 
I 1 
. I 2 I 
1 I 
1 3 I 1 
1 I 
1 I 
2 I 1 2 
3 2 1 1 
1 
2 
I 1 1 
1 I 
1 121 
1 1 I 
1 I 2 
I 2 
1 
1 
2 
I 1 3 
111 
1 
1 2 I 
I 1 I 
I I 
1 I 
I 
I I I 
I 
I 
1 
I I 
2 
I 
I I 
1 
1 
I 
1 
I 
1 
I 
I I 
I 
1 
I 
I 
I 
I 
I 
1 
1 
1 
I 
1 
I 
I 
I 
1 
I 
I 
I 
I 
1 
I 
1 
1 
I 
I 
I 
GRAPH. ® 
DISCONTINUOUS PRECIPITATION MEASUREMENTS. 
c. 
-E 
c 
Sample: o 2 hrs at 850 C 
Precipitate Diameter (nm) 
2 4 b 8 10 12 14 Ib 18 20 22 24 20 (xIOn~.) 
RANGE :::::::::::::::::::::::::: 
-35 -
-70_ 
-105 _ 
-140_ 
-175 _ 
-210 
-245 : 
-280 
-315 : 
:36~ --~20 -
-It -
-It§6 : 
-525 _ 
-5'bO _ 
-595 ~ -
-b30 _ 
34544 22 
I 10 4 4 2 3 2 2 2 I I I 
133 I 2 I 3 2 I I I I 
,2'3 2 5 4 b I 2 I 3 I 
2 I 3 2 5 3 I I 2 I 
'I I I 2 I I I I I 
1232 I I 
I 2 3 3 
I I I I I 
I I 
I 
I 
2 
-b65 _ . 
-700 _ 
-735 -
-770_ 
-805 _ 
-840 
-875 : 
I 
-910 _ 
-945-
-980 _ 
I I 
-IOI5 _ 
-1050 _ 
-1085 _ I 
I 
I I 
I 
I 
I 
I 
10 
o 
10 
o 
4mins. at 700 c. 
o 
16 mins. at 700 c. 
.- -.:""~. ':." ".' o 
10 
- ."- -,.~ "';.-. ~ 
4.: 
~ 10 c 
QJ 
u 
'-QJ 
0.. 0 
~ 
u 
C 
QJ 
10 
5- Q.L.J ____ '-' 
QJ 
..t 10 
o 
10 
o 
4 hrs. at 700 C. 
o 
4 hrs. at 700 C 
(large grain size) 
o 
4 hrs. at 100 c. 
(small grain size) 
o 
4 mins. at 850 c. 
o 
2 hrs. at 850 c. 
O~'-----~-------~ i4 4·8 7·2 
Length of Cell- Section Along G.B. (pm.) 
GRAPH ® HISTOGRAMS OF LENGTHS OF GROWTH 
o 
OF DISCONTINUOUS PRECIPITATION AT 100 C. 
20 
o 
a. 4 mins. at 100 c. 
Average Length = 258·2 nm. 
10 
20 o b. 16 mins. at 100 C. 
Average Length = 306-5 nm. 
o 
c. 4 hrs. at 100 C. 
Average Length = 515·4 nm. 
10 
o 350 
, 
.1 
GRAPH ® HISTOGRAMS OF LENGTHS OF GROWTH OF 
DISCONTINUOUS PRECIPITATES AFTER 4 Hrs./100· C 
20 
10 
~ 
~ 30 
QJ 
::J 
eT 
QJ 
c... 
u.. 
20 
10 
"-
-
~ 
- r--
-
-
r-- -
d. Large Grain Size 
Average Length = 262·6 nm. 
c~ Normal Grain Size 
Average Length = 514·4 nm. 
, , 
e~ Small Grain Size 
Average Length = 131·4 nm. 
r-
r-- r-
n 
350 160 1050 
Precipitate Le!lgth (nm) 
: .. ,~.:",.'-
---- ... -- . 
GRAPH ® HISTOGRAMS OF LENGTHS OF GROWTH 
o 
OF DISCONTINUOUS PREClPITATION AT 850 C. 
30 
20 
! 10 
-'-
C 
QJ 
u 0 L-
-QJ 
c-
>. 
~ 20 QJ 
::J 
er QJ 
L-
LL 
10 
o 
f. 0 4 mins. at 850 C. 
Average Length = 114·8 nm. 
r'" : 
.... 
o 
g. 2 hrs. at 850 C. 
Average Length = 183·9 nm. 
Precipitate Length (nm\} 
GRAPH ® HISTOGRAMS OF PRECIPITATE DIAMETERS 
AT THE GROWTH FRONT OF DISCONTINUOUS 
REACTIONS.' 
40-
30 o a. 4 mins. at 100 C. 
Average Diameter = 20·9 nm. 
20-
I I 
10-
..a- ,...-
c 0 QJ ... -. I 
U -
c.... 
QJ 
a.. 40-
~ 
u 
C 
QJ 30· 0 ~ b. 16 mins. at 100 C. eT r--
QJ 
Average Diameter = 25·3 nm. L.. LL t--
20-
10-
o 50 100 
Precipitate Diameter (nm.) 
GRAPH @ HISTOGRAMS OF PRECIPITATE DIAMETERS 
AT THE ADVANCING INTERFACE OF DISCONTINUOUS 
GROWTH AFTER 4" HOURS AT .700 0 c. 
30 
20 
10 
I 20 -
-'-c: 
QJ 
u 
~ 10 
Cl.. 
~ 
u 
c: 
QJ 
:::::J 
c-
QJ 
t... 
LL 20 
10 
-
~ 
d. Large Grain Size 
Mean Diameter = 39·9 nm. 
r---
c' . Normal G rain Size -. -- .. 
- Mean Dia meter = 40·1 nm. 
-
n Ht 
• • 
e. Small Grain Size 
Mean Diameter = 40·6nm. 
50 1 1 0 
Precipitate Diameter (nm) 
GRAPH ® HISTOGRAMS OF. PRECIPITATE DIAMETERS 
AT THE GROWTH FRONT OF DISCONTINUOUS 
REACTIONS. 
30 
20 
+- 10 
c 
QJ 
u 
t-
C!J 
a. 
~ 
u 
~ 20 
~ 
0-
QJ 
t-
u.. 
10 
r-
-
~ 
-
r--
0 
f. 4 mins. at 850 ( 
, Average Diameter = 31·1 n m. 
. 
i 
-
~ 
i"-
n 
-
.---. 
I I I I 
o 
. g. 2 hrs. at 850 C 
Average Diameter = 12·8 nm. 
50 
Precipitate Diameter (nmJ 
GRAPH.@) AVERAGE GROWTH OF DISCONTINUOUS 
PRECIPITATION INTO THE RECEDING GRAIN 
1000 WITH LOG -TIME. 
BOO 
-E 600 c 
:c 
I-
3 
o 
0:: 
l:) 
u.. 400 
o 
:J: 
l-
D... 
w 
o 
200 
J 
I 
j 
,/ 
,/ 
,/ 
,/ 
,/ 
,/ 
/' 
/' 
./ 
/' 
./ 
/' 
/' 
o 
__ ----~----~B~5~0~C------o---
---
-
------- ---
--.--.---
- - -
- -
/' 
-
x .... 
o --
3-0[100051 3-5[3160s] 
Jgg 1 time) secs. 
4·0[10000s] 2·5[316s] 
GRAPH.@ AVERAGE PRECIPITATE DIAMETER AT 
THE ADVANCING CELL- INTERFACE WITH LOG-TIME. 
/ 
/ 
/ 
/ 
/ 
80 / 
/ 
/ 
/ 
/ 
/' / ~O /' / 
/ 
/ 
L. ./ 
QJ 
./ 
""-QJ 
./ 
E /' re 40 -.-
../" 0 
,,0 
QJ 
__ L ""-re ""-
Cl!. 
u 
-
-QJ 
'-a.. 
- -
-
-
O+-------~------~------~---
2·5 [316s] 3·0[1000s] 3·5 [3160s] 4-0[10000s] : 
Log (time) secs-
GRAPH@ GRAIN MISORIENTATIONS - ~1~~~N~~N7UOg~ 
12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 
<30 <30 
31-5 33 
34-5 36 
37·5 39 
40·5 42 
43-5 45 
46·5 48 
49·5 51 
52-5 .. 54 
55·5 57 
8 58-5 60 8 
S61-5 63 _ : 
6~5 66 
67-5 69 
70·5 72 
715 75 
76·5 78 
79·5 81 
82·5 84 
85·5 87 
88· 5 '"r-T-""T"""T""-r-r-r-r-.-ro~--r-r...,-r""T"""T"",.....-r-~r-r-Ir-r-T--r-T"""""'""T"O""""T"""T""....-r-r-r-I~r-r-r' 90 
2 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 78 82 86 90 
l/Jf 
rlt =- 0 1-5 4·5 7·5 10S 13-5 16-5 19S 22·5 25S 28-5 31-5 34S 37-5 40S 43S ~S<30~~~~~~~~~~~~~~~~~~~~~ 
31-5 
34-5 
37-5 
40·5 
43-5 
465 
49-5 
525 • 
55·5 
-<30 
-33 
-36 
-39 
-42 
-45 
-48 
-51 
-54 
-57 
:
60 8 
-63 
8 58·5 
S 61-5 
64·5 
67·5 
• -66 
-
-69 
-
70·5 :72 
73-5 • • -75 
76·5 -78 
79-5 -81 
• 82·5 -84 
85·5 • -87 
•• • 
88·5 Lr-or--T""-..---r--r-r--...,........,---r-~r---r--r--r--T-r-'""'I""'"""'~--r--r--r--i-.,---r---,--r--1r--r- 90 
~f~ 3 6 9 12 15 18 21 24 21 36 45 
GRAPH@PRECIPITATE GROWTH DIRECTIONS. 
o 
4 mins at 100 C 
Discontinuous Precipitation 
In Adva.ncing Grain 
o 0 
• 0 0 
.. 0 
... 0 
. : 0 
100 013 
Into Retreating Grain 
o 
100 . . .. . . 
o 
• 0 
o 0 
. 
013 
. . .. 
0 
. 
0 0 
0 
0 
•• 0 
012 
o 
. .. . 
012 
. 
o 
111 
o 
o • 0 122 
133 
0 
• 0 
. 
. . 
. . . 110 
111 
355 
o 122 
o 0 
133 
110 
GRAPH 37 GRAIN MISORIENTAT10NS - 4 mins at 850 ( DiscontinuQu 
<30 <30 
31·5 33 
34·5 36 
37·5 .. ~ 39 
40·5 42 
43-5 45 
46·5 ~ 
49·5 51 
52-5 • 54 
55-5 57 
58-5 60 8 
S6l5 63 
64·5 66 
67-5 . • • 69 
70·5 •• 12 
73-5 • • 75 
. .. 
76-5 .. 78 
. .. 
79-5 •• • 81 
. . .. 
82-5 •• • • 84 
• 85·5 • • • •• •• •• 81 
. . . 
88-5 ~'"T""'T'""-'-"-'--r-r-.-r-~T-r-r-r-~I"""'T"""'~~~-1-T~-,-,-.........T--r-r ............ ';""""""""'" 90 
2 6 10 14 i8 22 26 30 34 38 42 46 50 54 58 62 66 70 14 18 82 86 90 
"Pf 
~ --- 0 1-5 34-5 315 40-5 43-5 
S <30 <30 
3"5 33 
34·5 36 
37·5 39 
40-5 42 
43-5 45 
46-5 48 
49-5 51 
52-5 54 
55-5 57 
8 58-5 60 
S 6"5 63 
64-5 66 
• 67·5 69 
'10-5 
-, 12 , 
... 
. ..l .. 
13-5 75 
76·5 . . . .. ta 
. .. 81 79·5 ... 
. • • ••• 84 82·5 •• • . 
85-5 . . . . . .. 87 
88-5 
. .. 90 ~f---- 6 9 12 15 18 21 
GRAPH@PRECIPITATE GROWTH DIRECTIONS. 
, 0 
4 mins at· 850 C . 111 
Discontinuous Precipitation 
In Advancing Grain o o • 
100 
o 
. . 
. . .. 
o 
.. 
• •• •• 
• • 0 
00 • 
o 
. . 
• 
. . .. 
• • 
... .. .: 
• 122 
• • 
o 0 
• 
o 
o • 0: 133 
. . ..... 
. .. . . . 
. . .
. . . . . . 
• • ••• 
. . . .. .: ..... . 
. . ....... . 
• •• .. .... ... . 
• . . :. .. :-
.. . ...... :: 
. . ... ... . . ..... . 
• •• 0: .: •• ::0 11 0 • . . . 
013 012 
111 
Into Retreating Grain 
.0 
355 . . . .. 
112 ••••••• • 
00. 
.. . . . .. 
o 
• • 
. . ... . 
•• •• • 
. . . . . ... 
122 
•• •• • • • • : 133 
... . 
· ,.- o • .. 
. . .. .. . . . 
. . .. . . 
. :. . . ... . .. 
.. ..... .. .. 
• • 
.. .. . . . . .. 
. :. :. .. ..... . .. 
. . .: . ... . . . . 
. .. . . 
:. .. . . ...... : 100---· --..;.,..0 ------.-013--0~12-· _. _. _o::.=-o _a 0..:...: _0_. ----' 110 ' 
GRAPH®) GRAIN MISORIENTATIONS - 4m~n~J~~ 850 ( 
12 16 20 24 28 32 36 40 44 48 52 56' 60 64 68 72 16 80 84 88 
<30 <30 
31-5 33 
34·5 36 
37-5 39 
40·5 42 
43-5 45 
46·5 48 
49·5 51 
52·5 54 
55·5 51 8 58S 60 
S61-5 63 
64·5 66 
67·5 69 
.: 13 • 
70·5 .: 1~· . 72 
..... : ... 
7}5 . • 15 
76·5 18 
79·5 81 
82·5 84 
85·5 87 
88·5 1.r=r:::rr~r-r=~r-r--r~"""'"'T""T""T""T"""'-'-T""'T""1r-T'""1:--r-r""'T"""T-r-r""T"""T""-Y-Y-~~~ 90 
2 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 10 74 78 82 86 90 
Lff o ~ 0 1-5 4·5 1-5 10·5 13S 165 19-5 22-5 255 28-5 31-5 345 375 40S 43-5 S<~ <~ 
3ls 
34·5 
37-5 
40·5 
43-5 
46-5 
49-5 
52-5 
55·5 
8 58-5 
S 61-5 
64·5 
61S 
70S 
73S 
33 
36 
39 
42 
45 
48 
51 
54 
57 
60 8 63 
66 
•• 69 
•• :.: l' 
•• :: 3S 12 
......... 
• :: 1S 
7&5 ~ 
79·5 81 
~5 ~ 
~5 ~ 
88-5 L-r-~--r--.....--r-..---'---'r--.--Y--..---.--"--.....--r-...-~.---.---..-..---r-"'--'----'~~..---r-' 90 
Wf • 3 6 9 12 15 18 21 24 Z1 30 33 36 39 42 45 
GRAPH @ GRAIN MISORIENTATIONS (\~~~i:;~o~~nm 
o 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 12 16 80 84 88 
<30 <30 
31-5 33 
34·5 36 
31-5 39 
40·5 . 42 • 
4J5 45 
46·5 48 
49·5 • 51 
52·5 
0 54 
• 
55·5 51 8 58·5 
• 
60 8 
. S61-5 0 63 __ 
64·5 0 0 •• 66 
61·5 · • • 69 • 
10·5 • •• • • 72 • • • • • 
73-5 • • 0 • 
0 75 
• • • 
76·5 .. • • • 18 
· 
• • 
• 
79·5 . · . . • • 
0 81 
· · 
• o. 0 • • • 
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GraRh@a. CELL BOUNDARY VELOCITY DURING THEORETICAL DISCONTINUOUS 
PRECIPITATION AT 700°(. 
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JiliJRh@c. THEORETICAL RADIUS OF PRECIPITATE AND SOLUTE CATCHMENT AREA 
ON THE CELL BOUNDARY WITH TIME AT 100°C. 
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GraRh@d. DIAGRAM SHOWING THE RELATIONSHIP BETWEEN DISCONTINUOUS 
PRECIPITATE DIMENSIONS WITH TIME. 
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TABLE OF GROWTH VAUJES REPRESENTED BELOW: 
(Reproduced from the table given in appendix 
Increment Time(sec) Depth(nm) Ppt.Ra.dius(nm) Base Radius 
1 0.00 0.00 13.47 65.17 
3 158.22 453.79 17.26 84.87 
4 277·75 697 .04 18.89 93.44 
6 5115·45 1082.19 21'.113 105.31 
8 733.16 1373.07 22.63 113.26 
10 984.04 1665.34 23.99 1'20.58 
13 1'220.53 1911.87 25.06 126.35 
15 1452.71 2134.04 25.97 131.27 
18 1751.78 2397.86 27.00 136.81 
20 2001.57 2602.96 27.75 140.93 
23 2305.07 2837.011 28.58 145.45 
25 2577.57 3035.611 29.26 149.15 
31 3145.38 3420.51' 30.51 1;55.99 
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§.@p'h ® CHANGE IN DISCONTINUOUS PRECIPITATE GROWTH WITH DIFFERENT 
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GRAIN BOUNDARY NUCLEATION. (700 C) 
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§@Ph@EFFECT OF VARIATION IN M-SOLUTE GRAIN BOUNDARY DIFFUSIVITY. 
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b. Half Reported Diffusivity 
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~p.h.@ EFFECT OF CARBON SUPPLY ON THEORETICAL DISCONTINUOUS PRECIPITATION. 
o 
a. One -Tenth Carbon Diffusivity at 700 C. 
PP1.RANG[CNM) WITH TIM[CSEC) 
1 c:: 
I...J. 
'3. 
5 
15 
~, 
I 
, [".~ 59 
1 1 5 1 46 1 76 ...J 
9 
. 1 
16 
0. -_ .. -.-.-.-~---l----+-----4--+---I---+--+----+---+-, 
-13. 
, c-
- .:J 
.. /0 
L. • 
1 r::I 1 - ? 0 ") c- ") r:: -1~-t~o+~1 f-+~-+--+£.~J-L~w~-)··) 
1\ 
o 
b. Half Initial Matrix Carbon Content at 100 C. 
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!lliIp'h ®. COMPARISON OF DISCONTINUOUS PRECIPITATE GROWTH AT 700· AND 850·C. 
o 
a. 700 C Nucleation parameter = 20 nm. 
t")"T "A Ncr-C NM ') '.1 I Tt - ..,. I Mr:C S[·C ) 
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o 
b. 850 C Nudeation- parameter = 20 nm. --
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APPEnDIX (1). 
LISTlllG OF THE PROGRAM USED TO CONVERT PRECIPITATE ME:ASUHEMENTS TO REAL 
DllOOmIOUS. 
Discontinuous precipitates by projection from 2 viewing directions. 
Block precipitates given an estimated volume b,y assuming a rounded 
disc shape. 
J:08=WEV..32~-::M:!:RR~WEy4103_~~~---~-c~--=--====-~ -~-=----=-~ ~.::::--= _----=-- _~c:-:-.:·c~~ 
J08CORE 40K - --
.------~-----~~------.-~--- -, EOR.±JUN~..:D.s .: ----.~:...-=-:. -~--------' 
-------------.- -RUN 
.'~-'- --_. - - - - .. -- . - - - - --- - .- ---- - - - .. -. - - -
-~~-------.--.--- ------ - -- .. --------- -_.-
- ----. - --- -"-.------ ----- --'--'-- --- -~--.--.-
~---.----- ---"--
~ ~.~=: :~~~~~~~~t~f,n I 2 , F 5 • 2 , F 6 I ,- , 2 F 6 • 2 , F 6 , 1 , F 6 , 2 , F 5 , 2 -, - . -.-_ J 
- :~i;+1 , if~-l- -.. - -----~ --- - - . .. - -
f-_.- 6<>.0 . J: ()RM.A:r (1 H _ .,7H G • B _, N_O, , J 5, 6H, tw IN, I 2-; 2)(-,1 __ 2, 1l!.~ _ c E_L..!-_~! B _L'p~ K p pTs:-,] 
~~~~g1~l~--~2~~~=lt~HLi,:8 \1= ~F ..8:;,2,[, H ~ M':'-8 G= ·,~f...8'-2i7 H MM ,~tA G = , 16,.3 HMM ~:):=:====:::'::-:'.=::-=-=-_ - . _-:-'! 
60, FORMAT (~~-in;~~x , F6.1 , F 6. i-;F 5-.2, F6.1rtF 6---:-Z-;F6 -,-1-,F-6---;t-; F S:z,-·_-
-·--------i5;':fi:2F_-6~-'3-"6)=:.....:-:~-=---:~-~.::....~c:-.:.~· -.::::.::~--~::.-==:.-=====.-=====:.-~===-:'=:=~,=-.:c~--=--=-
602 FORMAT(1H ,45HCELLNOTYPE WI01 DEP1 DIA ROTI 5TH1 CR01, 
1-----. -1--l7.H3lI=n~':EP~£A~O.~lM2~=t.RD2J---- ----- -- -_. --- ---- ---
603 FORMAT(1H ,SOX,10H OVERALL ,F8~~2F8.2) 
~:nRMU~j~T:it-.1H.1l11)J'..H31.=DN~~a~ERJ=-)c-=N--,-,-~-,c-~---'_G~R-Doc"'"WIlC=fiij'~UNTIft) 
611 FORMAT(1HO,SH FROM,5X,2HTO,4X,1ST4,13H+ABOVE(X35NM» 1=::------ -- -------. -- -- .--.- - . - ... - - -- . - - - - - . -. . .. - -~:2=f-ORMA"l;-C.t.H-#.:F.6i1:a_~-a:.6~~:"2](5:!!J2)·u- _-. -- ___ cc 
613 FORMATC1H1,20X,47HWIDTH ALONG G.B.(VERT) V5.DIA.OF CELL PPTSCHRZ) 
:rt=£{)JUn:tt=1:H {)T51i==~1i (jMrlXr2H;r-{tT4~ O:l~L1:1tH~B.D~l..EtXnrtl -
615 FORMAT(1H1,20X,47HGROWTH INTO GRAIN(VRT) VS.DtA.OF CELL PPTS(HRZ) 
==-:------ :-,- ... --.- .... __ c ---'::- -- ~-.----.::,--- _ ._ .. .:_. --.-.-- .. - .~-::-'--.---..:--=---=--=-::--,,-~.-.~.- ... c_':-:-..... . 
RI(L)=RICl)·O.017456 
-.- .--
- --- ----~--------- ------------- _. 
---- . _-_-.~c_=_ __ --__ ---_.-_. __ ---_-·_-cc=._c-_cc-_.-:....._-_-_-.-_-__ .._--_--_. -_-_-_~~_.:.::_-.:.::_~_-_--_--=-=.~-_--_=_-=-==_'_.~-..:-'-==_---______:__=__:..:-:::_--=-:.-='=-:::c:-:_' ----1 
~= 
--
--
--
- ---
- - --------
---=- ----- ---:--" "---- ===..:.-:.==========--===-=-=-=~.- --== 
--
.. -----_._--------- .- - - --~ .. -.. ---
- --
_____ ~RITE(2,6'3) 
--- -----~ --- -
~ _._-_. --_._-- -- -- - - ._-
-- - - --- ---- -- -- --- ----- --- .. -Ff----==--=-=-=-=-;..c.-- -::..::: --=...--_c'=: -=--..::::.'---=...: -=c-=-~=-=---=--.::.. _________ =-~:-=---~=- -- ---- ."- ------ ------ ---- ---_. -- . 
~=---==-_________ c --.:. - -::.. -__ -:c_c- _::::::...c-_ -____ -=_ _ __ .- -.- - _._- .. .-
---- --'- - -- ---- .. - ~------ - --.----- _ .. _ .. -----
- - ._- --- --- ---_ .. --. -- - -r--'------ --" :::--='--, ---:::-~- _.:.~c- --=-- - .-=--,-- - --
---- -- -- ._-------_._- -----------_.- -- -. ---
Key to output :-
WIn = length of cell along g. b. from direction 1 or 2. 
DEP = depth of ce 11 measured " " " 
DU = diameter of rod precipitates at growth front (average) of cell. 
ROTI = angle of rod direction on image (image rotation accounted for). 
STIr{ = rotation of main axis of holder (+ ccw. and - ew.) 
CRD = rotation of secondaIY axis (" ,,) 
BW = length of block precipitates along grain bound.aT;y (average). 
ID = depth of block precipitates into ~in (average). 
LAG =length of grain boundar,y occupied by block precipitates. 
Above values input as mm. and converted to run. depending on magnification. 
OVERALL = true 1ength,depth and diameter of cell precipitates resp. 
lftiIN and BLOCK PPrS number indicates 1 present and 0 not present. 
Double figure for CELL TYPE gives pinning mode at ends of cell :-
1 - not pinned 
2 - pinned by similar cell 
3 - pinned by cell growing in opposite direction 
4 - pinned by particle 
5 - pinned by particle at a triple boundaxy- junction 
6 - cell continues across a triple boundary junction 
1 - cell terminates at a triple boundary junction 
8 - cannot be identified 
OOTPUT ALSO 00' STORAGE CARDS FOR SUBSEQUENT DATA RETRIEVAL. 
I 
EXAMPLE PART-OUTPUT' FOR SPEOIMEN AGED FOR 4 Hours at 700°0 1-
_CELUJOTVPE_WID1 __ DE~L DIA ~_F(nf~-_sj'JY1 ____ C_RD_1- 'Jlf'2DE P 2 [)lA _"n 1 1 ST/-'2_ CR[)~ _____ _ 
G. R~NU. -:- 2,Tlo/IN -- __ 0 _- -T CELL:'-'£JL(fci(-~f'p_1:-S. 0; 1\I·l~ - -0. Oor·lI1;'BG= - O. oom" LAG=_OMf"-; __ _ 
________ _1 ___ 1R ___ 50.0·13._a(LJ._10 __ j60.8~1!'---o50 -:-0._66_ Q.0_0.00_0.00_312.0 17.00-16.50 _____ 1 __ 
----- -- -:::-~-~~_::=:-c -: i:~_:~~~c ~~~::-:=-_:c:::::_=-~_:~~-::-_=-:.':..: __ =---=---_==i~-=--- _::.:.::=:~-=__-;:;:=:":-=-=-:=-_ :::=.-:~:_ : c_ --- OV_f: f< AL L::_ -2 5 (j I); i 1 9 22. 0 5~ __ 55 .-00 ~---~:._:: ::- • _ - __ 
_ ______ G ._B.J.J.O 0 ________ 3 ,-t'Jl'~ ____ o __ - S_C E L.L S_,I) LQ_CK_P.PTS "- _0' [llJ = _ o. 0 OMH, R G = ____ 0 • no Mr·" LA G =__ _ __ 0}''1. ________ _ 
==~= ____ :=-=c~~-:'::::1-=~ -13:-:-=:::-:'-~O:~ o;=:~oSaO:O-iO C"~3~O-J'i-6;;;:19~S])~14-:~- 0 0-: 2 5: 0 :-2 ~ 30_ -O~-2't :-30 7i'- 1 7 • 00-1 6. 50 _- -~_--i--'--:-= -:~ ~: :.--< -
~=~[:;~:~-~L-~--2~_~=:~ii~/~;~:o:~o~{o-~-6[UDi.~D~:1:2~ti~-t9~~5:O:-~1:4-=-:~O:-0 _- 26. d __ ~_~~:~~_~~Ri2:~:~ ~~ ~ ~- 1 ~-~- ~ O~-~-6.-5 ~ ~-~ 5g=__-l:~_~-=-~~::~-~~;~-: 
___ _ _________________________________ . ___________ • ___ . _ OVF,RALJ.. ______ 1301.~. 166.58 __ 16.00 
=CCC:::'C -- - :;: 3 - 3 3~- ~--:::;:jj -. 0: -~:. /) ~-6 (j _ n ;0 0-:-2 7;9-~=7 ~2ZfS6~:j4 f-8 J _ 24.0 -.2~2 OO~ 40: 301;n i..,. 00 -16; 50 • 3~: :~:: _:_ 
__ _ ____ ._ _ __ __ ___ ______________________ OVER-A_LL:-c---.----120/+.9 __ 122.76 __ 20.00 .. __ _ 
-.--.--~ .-_._- :-~--4L-----l-3-_~:·_-·:~~2-~~-fj~----·5-·:00~ n~-6--5--3-~9~-6~·?:2·:~-5i)~~·1-4-.·Bj~~ - O.-f) (j;·-O·O-:-O:~-OO.-3f)5··~O 17.00-16.50--- 4 _.. _.-
____ _. _ __ _ ______________________ OVE~ALL. _1159.4 _ 254.03 _32.50_. _______ _ 
--==-=:~~--=-.=: ::~ ~-:- 5--:---26 -:::·~..:::::::65:o-:~~s .~s 0 -nd' 6::-t7j_,-:4-~~23::~Jfo-j 4>~-83-:- o. 0- -n-.o 0::'0=;---0 0 -19? ~ 7'_ i 7 • 00·1 7. 5-0 .' .-_ ~~-5 :: :cc:: : .C~_ .:.- c:.--
... ------ --- -------------- -- OVERALl.- -3057,3- 286.95- 30.00.--
- G.~i~O(--:-=--=-=::4~-r,J:t:~:---6:::Tc~LL5ipti)j~K~J5P-T!,-~-O;-Hl.j~ - O.OO"H·l,!fG-: - o. nOMt,', LAG::. _. o~,,·;.~:--~-:~_:c:-:~ -
1 73 0.0 O.Ofl O.I)O_~12._~=___2_0~OO-20.17 1 6 .0 4.1Q_:O.~O )11..0-1R.OO 19.00. 1 
- ----------:-.----.----=~:-..:--=.- ... - OVF.RALV-- Ro104 256.65 15~OO:-
G • B • NO. 5 , TIn :'J n 1 eEL L ~ , £1 L 0 C K P " T S. 0 I !\ W = 0 • nOM 1'1 , A G = -- 0 • f) !HH~ , LA G = - 0 rH, • 
"17 ·-·7-ff~=~-:::·- tr:·fj - "(i. {)~ .. n -.-:'rfO-:· -=12?:~--2:..==2-~-=~·:ilO .. 2 (1.-17 1 8 .0·? .-oo·~ o--~: 2 (} ':-1"16 i 4-"' 8.0 () 19 ~ 00 -: .-~-- r~.'" - - - --'. 
-- ______ OVERALL.. .-905.9 8167.67 10.00-. 
~: fie R i HO iC ::::--~-:{',-T\,.i ii~- -::-n:~--::=,., cc E GGS;~B EO c'K~p P-TS- i 0, :In,};;- - - 0 ~ 0 O~1I-1 iR G"':i --,- - ·~-O./'l () m~ , LA G = 'OHM: ;:-~ --~ 
1 __ A~_:..O.O 0.1)0 C).I)!) 1n4.0-.?_o.._OO-20.17 1 7 .0 1.0_00.35_31' •• O-1R.OO 1Q.OO '1. 
- - -- -- -- -- -- -------- ____ .. =.-=_c=~ ___ :.::_. . QVERALI;---- -8';1;5 323.92 17.50 
G.R.Nf"l. 7,Tt.Q'J 0 -:'. ~ELL;"~LnCKPPTS. O'i1'J= o.OOr~n'BG= o.no,.,,-1,LAG:: OM"1. 
-----------r-=-RJ:-- -. (r~O- O~I)t)'l.,;)()--:1t.3-~-7--:~1f;:oO-1;:3;a3 ~.Lo 2.40 -0.00 -133,3-19.67' 19.R3 1 -
__ -_____ ~~ ____ _ _ _ __ ___ . ___ ._ .~_ .... __ ---=._.~.___ av F. R ALL 115?, 1 1 2 3.54 0, no 
. -c2. 3~:-'l:{) t)~O() O;-t)O·~1:3~·~-::Y4-:;OO-18-~A3 1:5.0- 3.00-0-.0031 9 .0-19-;67 19.R3 - 2 
OVE~ALL ___ 652,:? _350. 97 0.00. 
5 ~ 1')01""1-; RG:- 1. ,;ti~M; LAG: 0,·1/-1. G ; e:i i~() ~-----R' TI,I I'~ -(j'_-:::t=c c-Eti=~--::;nT()cy.~~pJ'T-S-; - 1 ii\ I-i: -
1 81 1 8 (l.0 - 9.000.30_J3}.J_--:_1Jt.O_O-_16.no_ 0.0 0.00 0.00113.5-16.00 7.33 1 
OV~RALL: -9015.1 1927.59 25~OO - - - -. --- -- --- --. -- - -- -- --. - - ------ ----- ~-- -- - . __ ._. -- ._--. 
G.R.Nn. _ Q,nJIN Cl 1 CE.LL;',BLOCK-PPTS. 0,1\',4= - o.nOI~lllflG=-- O • .,OMM,LAG= om.,. 
=:-::::::::. 1: ::$\1·:-:' 51,~o :;:-h;()~-1i-:;-t133:'-5.~6-:-1--c{,,~-6o;"1fl:;i)3 0.0·· 1).-00 0.00 36·'.3':'20.50 17 .67 ··1 
OVERA_LL_ 2804.8 81.55 __ 75.QO 
o.no~'f.1'-I\G= O.OOMH,LAGs OHM. ~-==~:"':.-::. = Gi ~-~: HQ -;--=.== 10 ~-f~i f~ -,:-o-:c::: --fC"e iTfS:-i-l{€uc -~~p-p T s=~,:, h ; ill.f~ 
0.00 0.00 317.7-11.00 19.17 1 
OVERALL 7?i2~~' . R57. 40-45; 00 
1 __ 66 1S0.01? ._Qo __ n.?()_)_.?~_!.-4 __ 1? ._o0-16_. S~_ . 0.0 
Al Fig.CD FLOW DIAGRAM FOR PROGRAM CALCULATING TRUE 
DISCONTINUOUS PRECIPITATE CELL DIMENSIONS. 
READ CELL I,IEASUREMErlTS, 
51 DIRECTION C!l PROJECTION Y N 
AND TIolAGE TILTS 
92 
. ROTATE COORDS. ABOUT 
5 MAIN AXIS A TO ZERO TILT 
7 ROTATE COORDS. TO ZERO 
TILT ABOUT 2ND AXIS (C) 
8 RETUW COORnS. TO NORI<1.I\L 
BY 6 Cm-l. ABOUT BEAM AXIS 
.y 
CALCULATE TRUE CELL 
DIMEllSIOUS BY COMPARISON 
OF PROJECTIONS TO THE 
10 TRUE DIRECTlOO" GIVEN· BY 
THE nmRSECTION OF TnE 
PLANES HITH POLES == TO 
PROJECTION COORDINATES 
6 
OOTPOT CORRECTED 
2 ASSIGN COORDlliATES 
9 TO SECOND PROJECTION 
N 
Y 
2 DIMENSIONS IN ~------------~ 
SEMI GRAPHICAL roRM 
AND PRmTOUT. 
NB. Numbers show approximate operation positions in program listing. 
APPENDIX (2). 
LISTnm OF THE PROGRAr~ USED TO DETERHINE GRAm BOONDARY IUSORIENTATION 
AND PRECIPITATE DIRECTIONS (WITH I,1EASUREMENT CORRECTIONS). 
--
-
LuIlGHBOROUr;H lJNIVER!:;tTV COMPIITER r. F ~JT R E GEORGF ?L MK4F STREAM B 
J OR WEV12,MTRR,WEV4103 
\H£El:H.E3:5::ilU iJ -
FOPTRAN "P£lS 
•• *. 
-
-
o tr1E N S I ON N ,) P ( 4) , LOP ( 4) , Z ( 6) , x ( 6) , v ( 6) , A ( 6) , B ( (,) , C ( 6 ) 
DIMENSION PIJ(10),PA(10).PR(10),PC(10),WROECS),ALF(S) 
~ 'HO 
DIMENSION PROJA(1 0), PRO.lR(1 0), PROJC(' 0) 
. 
/- 401 FO~MAT(I5,I~,3F8.5,F4.1.2F8.3,4F?4) 
403 FORMAT(I5,13,QFB.5/6F8.S) 
11(1-1 
507 FORllAT (215, 3F1 O. 4) 
-
601 F 0 ~ 1-' AT ( 1 fl1 , 1 ? H I N P IJ T £lATA ,J 5) 
B===:N1L-=---=n*-;-ffB~:&:''E'tP-~ G3 E x- AliItrl F V--ft-N 
60J FORI1AT ( 1 H , IS. 3X, 2 IS, 3 F' o. 3) 
60r; FOR 1-' A T ( 1 H ,20x,3F15.S) 
-
601 FORMAT(1HO,3?HNEITHER SFT OF DIFF.PATTS. COMPATIBLE) 
fM -t-=M-JI.- -
60Q FORHAT(1HO,10HGRAIN BOUNDARV WITH,13,14HCELLS of PPTS.) 
. 
1BHANGLE OF) 
,-A .-y-f--'oi 
16X,9HCRED AXJ!:;) 
61'3 FORllAT(1H ,?8x,3F15.S) 
-A-N 
1F8.3,5x,SHZETA=,FB.3> 
-
11Q~ MJD THF SEC.OND BY,rA.4) 
1:z.=EYREll~::!E5Yi:31.Jm:l:V3-])E333E:5:r:~RDJa:rE-n31])]"::lE33Y.::;:F8~·. 
11QH A~D THE SECOND RY,FA.4) 
lPof-' ·J·N 
READ(1,,}01)L,NOP 
LGIH/O=L 
WRITE<2,609)NOP 
rJ = N 0 P .... 2 .' 0 
'c-cai):{~::±I±;::J2:n:~~=t~ 
~"-"I'.~ .• 
W R I T E ( 2, 61 2) ( P N ( I ) , P B ( I ) , p A( I ) , PC ( I ) , 1 = 1 , N ) 
R nlJ= O. !) 
Fl=O.O 
nn 3Q J =1 ,4 
3R READ(1,S02)Nnp(J),lDPeJ),l(J),X(J),Y(J) 
--~- --
IFCJ.EQ.1.0)GO TO 18 
IF(LDPeJ-1).LT.2.S)GO To 19 
IF(LDPeJ).lT.2.S)GO TO ? 
IFCLOP(J).LT.4.5)GO TO 4 
IF(LOPCJ).LT.6.S)GO TO ~ 
IF(LOPCJ).LT.R.S)GO TO R 
.~~ J T-:::{)~:n:::::: 
IFCLDPeJ).LT.10.5)GO TO 10 
IF(LOpeJ).LT.12.5)Go TO 12 
IFCLDP(J).LT.14.5)GO TO 14 
IFCLOpeJ'.LT.16.5)GO TO 16 
Ir:CL!>peJ).LT.21B.S)GO TO 218 
8c1>=0.0 
A(2)=O.O 
c(2)=O.O 
9(3)=0.0 
s;=:-n 
A(4)=-1.0 
: Assign. coordinates to the 
r:=-_~,=-c:::.:.:=-_-=-:-. _.-_ _ 
~==-==C:-:r. ::(-=;.-;-~~~~-::~-"'--==--=--= =-,,~~ont.:inu:eq-= __ ::_,,~ .. =ccc_ .:~.==",... ---------------j 
~---==:A{5}-=K==n- Fl (6) =0-.-39-44-----
3 ( 5) =~ 1 • 0 ===t-:{o):: 0;1) 
=(.:5}=-n:;=n Go TO ? 0 
~ (6) = 0 .0 s::::J\:l=t}=O~ 
I-fO:r:=TI-;;-l! B ( 1 ) = 0 . .'31 65 
C(6)=-1.0 C~~~~4 
---?fJ A(2)=O.?071 
2 A (1 ) = 0 . 0 l!i=-2~lE.=4:EEJ 
~~ C(2)=-O.5774 
C(1)=1.0 A.E~~.::'l 
~+~~~ B(3)=0.4110 
B (2) =0.7071 c:::E.f:i:~-4 
- -=n:;::D A ( 4) = O. ') 
A ( 3 ) = .. 0 • 7071 IH .. lI.=) =IE;iH::b5 
C(4)=-O.5774 
C ( 3) = 0 . 0 ~~fi7?--nT' 
B(5)=0.4110 
B ( 4 ) = 0 . 0 ( (5) =fS"5""7:¥"4 
A(6)=-O.7071 
A ( 5 ) = .. 0 • 7071 B ( 6) = lSkH31 
C(6)=0.5774 
C(5)=O.0 
9(6)=-0.7071 
Go TO 20 
9(1)=0.5774 
AC2)=O.40R2 
C(2)=-O.7071 
B(3)=0.5774 
AC4)= .. O.4082 
CC4)=0.?071 
~"""HJ 
8C5)=0.5774 
~-a=;=7--{f'Pl 
A(6)=O.8165 
C(6)=O./) 
-n=2'il 
4 A(1)=O.(,) 
0(2)=0.B944 
AC3)=-n.B944 
C(3)=O.O 
n(4)=O.O 
C(5)=O.O 
* 
CiJEY"f1=r1 
(, A(1)=O.O 
IIC')=Il.?667 
C(1)=O.7453 
A (2) =11. 71171 
8(2)=0.3333 
I: F21~-~17SnBil 
A(3)=-O.7071 
11+3-l-~3S=333 
C ( 3) = -n • 5 0 8 I' 
A {4=r-==fk31 
B(4)=0.6667 
E fli"}-:-r1 • 7 4 5 5 
AcS)=O.7071 
C(S)=0.50BO 
A=F6"l:q.;-iEFf71 
B(6)=0.3333 
la:ft~~1t 
GO TO 20 
+1:111:=9 
8(1)=0.0 
I: C 1~--s-a 
A(2)=-O.91.87 
IH=2T~n? 
C(2)=0.O 
4(3)=11.3 1 62 
8(3)=0.9487 
c El-F-1l . :) 
A(4)=0.O 
!!+k}~ -n-:--' I 
C(4)=1./) 
A C 5-B:~3:£6 ) 
B(5)=0.t!487 
((5yaO a 
A(6)=0.t)487 
! r£6:}-~S34-tr2 
CC6)=0.O 
GrEI'1l 2" 
R A(1)="O.4263 
B(1).J~ 
r:(3)=-O.7071 
U::.ti)~~Li53 
8(4)=0.«;046 
F-r:~.:)c:i1:;:n 
A(5)=-/).639(' 
===----------==i=n;;=:d};:...- -= n::;::;:n£5 
C(S)=0.7071 
-An) - .... n:;:639-n 
8(6)=0.3015 -.~~~~'~~-·~:I)~;~~~~~·~1~~~ 
GO TO 21') 
rr--""i\+1--&ii. S 
9(1)=0.'> 
-
!: ( 1 ) a53, 
A(2)=-O.8321 
BT2=}~ftdi:rH' 6 
C(2)=0.1J 
it=Et£-:1ES 5 46 
RC3)=0.n321 
cfffi~ 
A(4)=0.O 
... ~~~~B~l~::ta~-~-er~l~B~1~~~~ 
CC4)=1.0 
AD:n~~ 51& I I 
B(5)=0.:1321 
8~fJ Q 
A(6)=O.3321 
C(6)=0.O 
!,[ I T±F7!" 
1n A(1)=-0.1542 
B f 1, .-n==--aru-a 
C(1)=O.5774 
A:t=2:}::;;H 77; 5 
9(2)=0.2672 
~~-=Z4 
A(3)=0.6171 
14 ( 3Btit:=--~ 
C(3)=-O.5774 
An:t:=tt:;;:1:5r2 
R(4)=-I).R01{) 
10 C '* ) =. f) 5 7 7 4 
AcS)=-O.771!) 
B ( 513=3d-6 7 2 
C(5)=-O.5774 
~71 
B(6)=-0.5346 
1(6).11 5774 
Go TO 20 
" A(1)l:tI /l 
B(1)=O.O 
1:(1)111 9 
AcZ)=-O.9701 
1I(2)IIU:;;:-:21026 
C(2)=0.O 
"C3?1I 2426 
*** 
"***-contil:lu
ed
-.. _·-,. c--:-:-;;"'=-;;'-='=' [;[;fi:::~:::;;;,;='--=-=-=::=:::::::-c===-=~continued--:--.-_-=. __ =-__ = __ == ... =-=. ~_::==:::::_::=:_._:=-.. ===-= ~:-~==:'----B -'-( 3 )-~O~:r,-7_0 1. - -- - A ( 5) =_ (). 301 S 
- -
=-r'-:C~}:i::.n=;:n - ==3H5.=)~-o;:lj3QO=::= 
A(4)=O.O C(S>=~O.7071 
-H-f=4'):l'tn='i ==-:A~I p3}::;3I}3.:s 
C(4)=1.0 B(6)=0.6396 L.1==~ti, I~-;;J~?\ 
9(5)=0.9701 GO TO 70 
:5:} !;j! • n ....ao d 
A(6)=0.9701 B(1)=0.2294 
"£hj-;;1E2:1iit6 ~ 
C(6)=0.0 A(2)=0.1623 ~. IHE .n::;::6:8-th'-= 1~ A(1)=-n~6850 C(2)=-0.7071 
l.:t :1 '19 -A"£3:)=:iH'"6~-3-
C(1)=0.,) B(3)=0.6882 
9(2)=0.4851 
A(3)=0 5145 
C(3)=0.7071 
R(4)=0.7277 
.\(5)=-0.''145 
C(5)=-0.7071 
~ -= --C:1I cJt 5 
B(6)=0.4R51 
8(1)=0.9428 
A(2)=O.6667 
C(2)=0.7071 
R(3)=0.2357 
-" ~'J--
1\(5)=0.2357 
--£;::t::!) . 
A(6)= .. 0.6667 
C(6)=-0.7071 
14 A(1)="O.9045 
C(1)=O.O 
9(2)=0.6396 
~(j.7I1Z1 
A(3)=O.3015 
C(3)=0.7071 
B(4)=0.4264 
-:: 
-
-
= 
-
-
-
= 
-= 
-= 
It-
A(4)=O.9733 
C(4)=0.0 
R(5)=O.68R2 
A(6)=-0.162~ 
C(6)=0.7071 
1(" A(1)=-O.1542 
~­
C(1)=-0.5774 
9(2)=+0.2672 
A(3)=+0.6171 
C(3)=+0.5774 
B(4)= .. 0.8018 
A(S)=-0.7715 
IFf~ 
C(5)=+0.5774 
~-~ 
9(6)=-0.5346 
GO TO 20 
B(1)=0.0 
A(2)=+0.9806 
C(2)=0.0 
-
8(3)=+0.9806 
~~.JL Cl 
AC4>=0.0 
B E4±lIjE+1= 
C(4)=+1.0 
Art).;;~..b 
R(5)=+O.1961 
= -
-. 
== 
= 
== 
= 
== 
-
::,---:--:::~.lFl!,:~'*~cohtinued~__ - --__ __ -- _ ----:.:'--_____ , ________ _ 
=--------- ----- ._--- --- _ .. _-------------------_._-------------------.---------
C(6)=0.0 
F=-==-==-;;:r;n-- T D-=:::2'o -
21A A(1)=-O.4264 
==~~:nIi5 
C(1)=O.O 
9(2)="'0.3015 
C(3)=+0.7071 
ACS)=-O.639i) 
C(5)=-0.7071 
B(6)=+/).3015 
GO TO 20 
lFCJ.EQ.1.0)(iO TO 177 
IF(NDPeJ).NE.NDP(J-1»Go TO 177 
AcI)=-A(I-3) 
£;(I)=-C(I-3) 
177 CONT HaJE 
IFCZCJ»21,??.23 
9A(K)=BCK) 
Go TO '?.4 
21 ZA=0.O-Z(J)~3.142/180.0 
~ ~~3 
BACK>=R(K) 
Go TO 24 
22 AACK)=ACK) 
DO 25 K=1,6 
C ROTATIO~ UP IS CW. ROTATyON OF STEM REQUIRES CC W• CORRECTION OF 
-~-
2A XA=X(J).3.14?/180.0 
GO TO 25 
C ROTATIO~ OF AXES CCW.=NEGATIVE DOWN 
I 
,-
.~~-::.--:=_----~.-_~._~:_-~ __= .. =._=== .. =_~~-_-__ -_~ __~_-_-_-_-_._~:~:~~-=_--_=.~~_=.=_==~==-~=.~::_=_==============~_~==-==--=·-===_=.=.=1 
=-.--::------ ---. ----:=:=:c------ ----- ------=====--====--===========-====-=== ------
B(K)=CRA(K)*COS(XA»+(CAlK)*SJNexA» 
f-~--_.:---__ - __ ---==r;-----'-TiliTC1fIJc)U05_IXi).::)-:!B'ALK"-')I:.;;;.~;;:1Y:;_N"--':tX"'-p.=A~.l::;;:)============= .. =_ =_ ====-=---~. = 
C 
c 
GO TO ?S 
'::]=.4EKH:7fA-=tJ0 -
BClO=BAeK) 
;:ne~EA:l:y. -\-
25 CoNTHHlE 
ROTATE r.-AXJS FOR NON-PERP. CORRECTION 
,..::.~~ 
:f~JfffE 
no 30 1(=1,6 
REO ~, (J v E S C 1J. SON E EnT 11 ,-1 0 V E B A C K C C l-J. S 0 '-I 0 V E A X E S C \J. RED = P 0 S Il 
-=--=t 
ClIO=CAeK) 
31 VA=O.O~YCJ)*3.142/180.0 
ACK)=(AACK)*coseVA»+eBACK)*SINCYA» 
CCK)=CACK) 
32 A(K)=AACK) 
CClO=CACK) 
00 66 K=1,6 
AACK)=CACK)*coseZE»+(C(K>*SINCZE» 
00 34 K=1,6 
-~ 
BACK+6)=O.O-RACK) 
::K-+~n,~~ 
34 CONTI~uE 
ACO:,J)=AA(K) 
JFeJ.EQ.3.0)GO TO _40 
IFCLDP(J-1) .LT.2.S)GO To 40 
-:333:G-JF'FD='tn 
DO 36 K=1,1? 
BCCK,J-1)=Br.lK,J) 
36 CoNT I NIJE 
19 CONTINUE 
R=O.1 
DO 43 K=1,12 
--:.Ac:t E, J--l-_A~-'} 
IFCS.GT.R)GO TO 43 
S=BC(L,J)-BC(K,J+1) 
n~-wFT:0=43 
IF(S.LT.T)GO TO 43 
.~ 
Ir:(S.GT.R)GIJ TO 4J 
DO 41. '1=1,1;;> 
S = A C C L 0+- 1 , J ) .. A r. Ul , J + 1 ) 
Jr:(s LT.T)GII TO 44 
Ir:Cs.GT.R)Gn TO 44 
~=CC(L+1,J)-CCCH,J+1) 
Ir:CS.LT.T)GO TO 41. 
Ir:(N.Eo.K)Gn TO 45 
S=ACCL0+-2,J)·ACCN,J+1) 
IFCS.LT.T)GO TO 45 
Ir:CS.GT.R)Gn TO 45 
S=CC(L+2.J)-CCCN,J+1) 
Ir:(S.LT.T)GO TO 45 
1.5 CONTINUE 
43 CONTINUE 
1~;t~IE::I'JE::4:Z 
W=50.0 . 
1.7 Jr:CW.LT.75.0)r.0 TO 52 
Go TO 1.1 
BC(1,J)=CBCCL.J)+RC(K.,J+1»/Z.O 
ACC2,J)=(ACCl.1,J)+ACCM,J+1»/2.0 
CCC2,J)=CCC(l+1,J)+CCC~,J+1»/2.0 
BCC3,J)=(BCCL+2,J)+BCCN,J+1»/2.0 
A C ( 4, J ) =- A C ( 1 • J ) 
CCCI.,J)=-CCC1.J) 
BC(5,J)=-BC(2.J) 
- -
: Safet~ :;rrstem for arnbi1i!,!OIlS 
. - - .. 
di em~c 
throws out non co~tible 
~rW-se=ma; t;:cm:n= 
100 directions selected. 
: Average ~ differences 
directions are in opposite 
'a 
determined. 
-::=.:::::::-':~ .. =-': .. - _::-.-':'-::.:. ... ::--:::-:-=-' .: .. -:-.==--.-. --.=-.=-=--.=---== .. ==--==. ==.= .. =.=--.. =====-.=:-=. ======. -== .. = .. = .. === 
=--:--.. ---.--.-- --... :::---..... -... ---------.-- --:-------------.. ---·---c~ 
.. 
.. 
Ar.(6,J)=-AC(~.J) .=.:1n~1~ I ;}:);':'!i. CG( ~~ ... ~GL~1~ ..  ..~~~~~~~~~~~~~~.~~~~~~~~~ .. ~. ~.=:=;::~~~-===~ 
CC(6,J)=-CC(~.J) 
;'J-=t:nJr'(::!E1E 
41 CONTINUE 
IFCW.LT.30.0)r.o TO 4~ 
GO TO 49 
4Q \JRITE(~,606) 
WRJTE(?,60S)ACCK,J) ,RCCK,J),CCC~,J) 
5 n CON T J ~HJ E 
5'- IJRITE(2,607) 
DO 53 K=1,6 
61 THETA=ATANCCCCM,1)/BC(M,1» 
~:TIfEi\B~~ 
DO 62 J=1,3,2 
BS=BC(L,J) 
= t~ 
C ROVATE CW AROUT C IF A -VE (AXES CCW) 
F I = A TA tJ C A C ( 11 , 1 ) / R C ( t·' , 1 ) ) 
DO 65 J=1,3.2 
AS=ACCL,J) 
BC(L,J)=AS*slNCFI)+CRCCL,J)*COSCFI» 
.1""£RflF 
GO TO 64 
: Output coordinates for 
: Chan~e all coordinates 
\f~.acn3m 
.-
-- --- --
_._-
-
-
,----- - - - .. - .- - - -. --
---
_.-
RQT=-1.0 
. ===n () =oL3;:'.1:j3 ,;:j' 
DO 67 L=1 ,6 
~jQ"~ 
A C CL, J ) = AS'" COS ( F I ) + C RC CL, .1 ) ,.. S J N C F I ) ) 
,-# ~ ~.~~~~::!--g1:::±1.=;=£Erl::O S:!-t: -1-
f,1 CONT I rH! E 
'ft-i,lI-l'- ! .. :=tI~RilHf!I:n B33RR:rN~:X~~- -
M, CONTltJlJE nR-GR1_ 
~ 
IFCK.EQ.''')GO TO 6R 
I F C C C ( I( " 1 ) • LT. 0 • 0 ) GO TO ftp, 
, U: cT-fl=A-H 
IFCnC(I(,1).LT.-O.1)GO TO 68 
Go TO 6r. 
Go TO 10 
IFCCC{N,1) .FO.O.O)GO TO 70 
DO 71 J=1,3,2 
AS=AC(l(,J) 
-
CCCK,J)=-AS*STNCROW)+{Cr.{K,J)*COSCRUW» 
70 CONTINUE • _Outuut seconcL.grains 
fa", 
WRITE(2,604)J,NDP(J) 
.pi T'st C'T'a in 
. '. WRITE(2,60S)AC(K,J),BCCK,J),CCCK,J) 
IJRITE{3,402) Lr.BNO,NOP, CAC(K,3) ,BCCK,3) ,CCCK,3), K=1 ,3) 
,~--= 
IFCBCCK,3).LT.O.0)GO TO QO 
OD QO I. =1 ,6 
ru--t-it3 
lFCL.EQ.K)GII TO 91 
::A'EE.::z~~ 
TU rh: TOT'" S U r~ 
DO 92 J =1 ,6 
-Y-{-R-f' 
IF'CI.Eo.L)Gn TO 92 
TUS=ACCI,3)*Cr.CI,3) 
IFCTTS.LT.O.O)GO TO 94 
Go TO Q3 I 
GO TO Q'" .> 
91 CONTltnJE 
II-f' 
9~ CONT I ~i U E 
TOT=ccrJ,3)*ACCJ,3) 
--
,- --
_ . 
----.-- -. -_ .. ,- . 
- - .-
. .. ~ . 
-- - . 
. 
" 
',' 
-=-~ :--:=:--:c:-== --.c:-=:-:-:-::: ___ 
-
---
-
- -
===:_ -- : c-:c::_-=~:---~::_.:...._- - --- _ -- - -- ----------------------------
-
--
-
------------_. 
---
P H V = A TAr J ( A C ( .1 • 3) / C C ( J , ~ ) ~ 
~;::=_==__-:.:::nO-103]-;:.1 ,-.6: _ - -- -- - -
- -
-tF(BC(J,3) ,LT.O,O)Ga TO 103 
.J'n~~3jtE..'T.n-=:1:n3 --
11= I 
d3-4=:::H~~+b 1+ 
I~(CC(I,3) ,LT.O,O)Ga TO 103 
GO TO 105 
-
-# ,--
11=1 I 
103 CONT t I~ue 
_;-fiN~. v---- -
1 0 r; REE=SINCFEETA) 
-t: , ,-J;.$::£'P\=ta:f.:f:~ -1I--H1--D-:H -
IFCCCeJ,-3) .LT.O.OlGa TO 106 
106 AVE=SEE*TANCPHV) 
101 PHV=ATAN(-CC(J,3)/ACeJ,3» 
IF(BC(I,3).lT.0.0)GO TO 107 
I~= I 
tFCAC(T,3) .IT.O.O)GO TO 107 
tiO TO 109 
r~= I 
107 CONTJIJlJE 
AvE=SORTCC(BEF/TANCFEETA»**2)/C1.0+CTANCPHV»**2» 
AvE::-AvE 
~VE*T-""A 
111 ZET~ACCM,3)*AVE.(BC(M,3)*REE)+(CC(M,3)*SEE) 
.::sma=ai:--tf'L=:=.3"-~EJE:t~:a;:C-S-:M~::r::a:,(.:a::'k~iiB$:F..:Y-"-4-T~~ 
1 *i?> 
~r::S'u"R£~~:'f::{:E'J\tirlr?l)3=1.:EIE1'.=t:Er~n 
VHP::PHV*180.0/3.142 
ATEZ=2ETA*1RO.O/3.142 
3:::td::surp--# 
t~(NOP.EO.O.O)GO TO Q9 
DO 81 1::1 , N 
AA(I)=COS(GAG) I 
CA ( I ) :: S I tJ ( G A (j ) , 
= ~diZD..O) 
PROJBCI>=O.O 
C RoTATE ABOUT STE~' AXIS IIp=+VE,DOWN=''VF. 
. 
PpA=PACI)*3.142/1RO.0 
-
CA(I)=CA(I).cns(ppA) 
---- - .-
........ -. 
---
. .. -
--
- - . 
-' 
, 
- . . 
: : -
." .. : , 
---~------' -~ -:------:::-:-c=:::--:-:-:-::-=c:-c-====c:-::==----,-::---c-::-::--:----,-,,::-----,-----,,:----:-:-:=--=:--=::--:===-=-I F-:::..-:::====-=-:=-=--~:::::..=::~=-:-~-:=-=~-==--="-===:-=.:.=-=:--='-=:- ==~:- .. =c:-~=:::::=~--:c::---=---~=::=::==::_'=__=_-=-_=_===__===::::=====-= 
PROJC(T)=PRnJ~CI)*COS(PPA) 
lin=:=rn '11 j-- --
R2 ppA=~~ACI).3.142/180.0 
I~XE:-~:) .... ~nH3' ~fA1 
CA(l)=CA(I)+COS(PPA) 
=iJ~:tS±JU.-P-· 
PROJC(t)=PROJ~CI)*COS(PPA) 
=rro~ 
C QOTATE ABOUT CORE AXIS ~EO=+VE,BLACK=-VE 
L",-"-j~=:r.:.EAB U11:r=B=Fn1Efln::tE££.R~rtB:T:l=n 
ze=6.0*3.142/1RO.O 
-S~A-:t' 
AA(I)=ASS*Co~CZE)-(CACI}.SIN(ZE)' 
:A:1::tcJ:..- _ ... ~AE=+*ED5-f~ '7-~ 
ApROJ=PROJAe J) 
v i~lHftij~~~J.J!C(:::PJfD3:c:El:}=* ... -J-+U=l..:f::+ 
PROJCCI)=APROJ*SINCZF)+(PROJC(I)*COSCZE» 
.• 
ASS=AACI) 
-
I~(PC(I).LT.O O)GO TO 84 
PROJR(Y)=AP~OJ*SIN(PPC).(PROJBCI)*COS(PPC» 
R4 AACI)=ASS*CnSc-PPC)+CBAcY)*SINC-PPC» 
-+H.....-i' ·'1~~::pQ!il 
PROJA(!)=APROJ*COS(-PPC)+CPHOJB{I)*SINC-PPC» 
"\~iEJ+S:rNi--P3H":7+t+YHbfBE+.'EffiS-{~"1: 
85 AsS=AACI) 
ApROJ=PROJAeJ) 
~~ 
PROJCCI)=~APRnJ~SIN(ZE)+(pROJCCI)*COSCZE» 
H=1.0 
'n=Rtl~sot 
AAA:C1.0/CBA(I).CA{I+1»)-(1.0/CRAC!+1)*CACI») 
k1b:~-A.=L,=*"~3~::1::;:nT=ta~-£1::)=*~~ 
I~(RBB.GT.O.O)GO TO 134 
134 DDD=BOR/COSCATANCSQRTCAAA**2+CCC,**2)/BOB» 
B (l1) =BBB/DDD 
1 ( ~ Q R T C PRO J A ( t + 1 ) * * 2 + PRO .1 R C 1 + 1 ) ...... 2 + PRO J C ( t ... 1 ) '*" 2) ) I 
GAG:PB(I+~) ... 3.142/180.0 
- .. ~ 
J 
;-.• : 
.. ' . 
=--------=_: -- ---- --c==-:c:-c-c::::-: ~_::~----- -------------------_--__ --------__ ------,-=c--~:-----_--=-==:-:==-
-- -- - -::-~--- ----------- ------ --:..--: -=----==~::====::::====---=--=__--c =:::..-: -=:-=-============-:=--:;::-==================-=:=-====1 
------ -- ---'--=--:'=-::: =------~==-"'--=--==-=---'---'-'-=-~ -
__ J (!' J IJ ( C._A G '-) * ~ 2 ) ) / ( ~ Q R T C A A ( I + 1 ) ".2 + RA ( 1+1 ) ... 2 + C li. I + 1 ) * ... 2) ) 
--:Jr=l1 ... --t~tr 
RA CONTINIJE 
FENuP 
DO 87 1=1,N 
lffi::::B±±} 
BCJ)=B~S*COS(THETA)+CCCJ)*SINCTHETA» 
- _-BS95~c+:±n±:I~~ 
A!;S=.\CI) 
GO TO l\~ 
~-
JFCYCI).GE.O.O)GO TO 96 
BcI)=-BCI) 
96 CONT I tJUE 
soT=ACeJ,3).cr.CJ,3) 
JFCCCCJ,3).LT.O.0)GO TO 113 
Cf\C=CCJ) 
113 ARA=-ACI) 
119 IFCABA.GT.O.OlGO TO 116 
AlFCI)=180.0/3.142*ATANC-CBC/ABA) 
117 AlFCI)=270.0+180.0/3.142.ATANCABA/CDC) 
11~ IFCCBC.lT.O.OlGO TO 118 
'~~i2tKD~:r.:!~Jf:U1!~:z:G:B 
GO TO R? 
-\- 1\~:o=;::tl+£80:;=n1=3~:£:l:A"B 
Go TO 87 
AnA:ACJ) 
Go TO 115 
IFCABA.LT.O.OlGO TO 121 
-_ [----"--u~:T-.. H·J+-fl:BJa3lEm 
GO TO R7 , 
:an=;=n:t33*,,*~~ 
Go TO R7 
AlFCI):QO.O+1RO.O/3.142*ATANC-CBC/ABA) 
122 AlFCI)=180.0+180.0/3.142*ATANCABA/CBC) 
DO 124 1=1,N 
: .. ' 
- .. - -- . -_ ... - - .- - .. -_.-- - - -
- --- --. --- - - - - --- - - -- . -.- --- --. ---.--
-_. -------.-.~-------- ------- ----_._-- -------._-----.----.-----~.. - - - ._--------.-.. --------._--_._- .. --.- .. --------. f---------.~ R J T E..i2_!-~611'JLOJi~.J.I):PRTwo (}-) ----.-.-------------- .. ----.------=-
~-===:::-·l.Jlil-'rET7~i-=-5~7)-:-p-iinWn(~:) . .-'f,-tltHJT.Tn: c- : _ 
\.J R I T E ( 3_,~.1U r, R N~,J_.r.A.(.LLJLUlL C.< I ) , P N ( I * 2) , W R 0 F ( I ) , A L F Cl' , -p H 0 N E ( J 
f=r----,-=:== . .:::::£:.JiJ~~.lJD_{:.t:J:=i=.Pl.rmJn(3..)_=l·p·lfi)lJ,....::f:f) . ~------.--. -------- - -'. . -~ 
1?4 CONTINIIE 
~ONTTtffi~ 
GO TO Q3 
H. 
STOp 
~, LFNGTH 9203, NAME PROGMA 
FINISH 
EXAMPIE nIPUT AND OUTPUT :-
INPUT DATA 584 __ -__ ._.==~_-. _-- .:-=-:--=,._ =_.,._.::-==~-:-:_=_=_ .. _"-:_=.~-. --=-__ -. --.. ---------_--_---.c.-:::-.=:-:::::-:: 
·====--c~~~J!if!lP~!;~c~: ~X~J 1: H:-==-~ff E_ ~~[~~ g.PcJ1 :~_=-===- : = ---c:~::-.=c~:..:.:=-~~_ ~;-,~:~ .. ~ -. '~~. :-c.:=~~ ~--~:~.~~ 
___ ._--:_ -=:P_ ?-:T~=H ~~..:.~ & =: -=--=:.::==;-== ~ __ --'~=-=-A H~ L t· ·-1 f=.:=--=-_·=-::=-ANnE==n f::.:c= .. :~C: A ~J Gl E ---0 F: . =-::.': . .: 
- -A 1:-1 f3r~l-·E ~!T-1-/3---'--P Pr-;-11tA j r~--=--=-=-'-=- ~-=--~ T Et'1~ X fs==-=-=-~-=--:-~=--C REO AX I S - -.----~-
=--=-~:=-~=- :--::= -=-l~~~~c~ =--~~:~-c_-~=~~=~.~~.~~-c~¥i: ''-~c: -:~-~:-;:~.~~~.~~c:~:~~ ~.~ ... .-- ~~-:-i ~ .:-~=f~?_~=~~~ ~. 
=-=---::.-~:c:.~-===-~=?84·.~~:L~=-: .:~~-=-c;:~ 31 , • 1 :--- -- -16.' 3 .. ~-'- - ~-. .': .. 20. 5 ...:.~:::---: ..... =-:.-.:: . .:-
. 3-.-f')---- -------3tH1.5- 17.n:-11-,·S .-:.- -.:--
=-=--.----::-:-==~.-::.--.--.---.:-.-.---------._--. :'-==-:-- .:..~=-:'----- -..--:--:.----.:--- '-"- -_. '---' .-
=:=--:== =-t! O-:----fjP~· ~J O:-R. T V p e- -Z;';-,.. lfr, lE' X' .. " ~J G L r: V .. A !Jtj LE" . .- ...:.-:: -- -' 
========~1L=:_-===-. 5663..:.:.~:3~::: ~::=BI...2Q~:-: . -11 .167 .-::' -~=1-.:083-=,.c:C':-:::-_~_-:"c:.:.:.::=-~~~~c.:·::::::-~~::-::=~: 
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Appendix 3 
TITANIUM CARBONITRIDE INVESTIGATION 
(See also Reference - Voice and Faulkner 1981) 
A.3. INTRODUCTION 
Titanium Carbonitrides are large inclusions measuring up to five 
microns across,which are present in many ferrous and nickel-base 
alloys. Although a complete range of Carbon and Nitrogen solubility 
in the phase is available, X-ray diffraction has shown the existence 
of specific Carbon rich and Nitrogen rich forms in Nimonic 80A. An 
investigation into the proportions of elements contained in these 
carbonitrides revealed a common nucleation site for the Nitrogen rich 
part. Nucleation has previously been reported on allumina, silica 
and titania inclusions, Ostrowski and Langer, 1979, but not as found 
in this case on magnesia. Since the presence of magnesia can be 
controlled, regulation of titanium carbonitride within the structure 
should be possible. 
A.3.1. Specimen Selection 
Nitrogen-rich Carbonitride is known to be a highly stable phase, 
Fell, 1961, which was borne out earlier in this work. The phase did 
not dissolve at temperatures up to 12500 C when localised melting 
occurred in the alloy. Carbon-rich Carbonitride was found to 
precipitate during anneals above 11000 C by the increase in ratio of 
Carbon to Nitrogen-rich parts, graph G.11. This is promoted by the 
dissolution of Chromium carbides in this temperature range. The 
sample used in the investigation, following a two hour anneal at 
1160oc, water quench, would therefore be expected to show a stable 
Nitrogen-rich and a precipitating Carbon-rich Titanium Carbonitride. 
A.3.2. Electron Metallography 
A survey of Titanium carbonitrides in TEM using X-ray microanalysis 
for identification revealed two types of particle both intragranular: 
large regular sided particles associated with magnesium and small 
rounded particles less than 0.5 ~m diameter. A typical large 
particle is presented in figure A.3.1.a in TEM and as a collage of 
Sfl1, STEM and X-ray maps in figure A.3.2.a to f. The carbonitride 
has precipitated on a central rounded particle which has radiating 
arms. Diffraction patterns, figure A.3.1.b and c, indicate this 
core material to be of the same lattice parameter and crystal 
structure as the Nitrogen-rich Titanium Carbonitride (Cubic NaCI-
o 
type, a = 4.2A). Magnesium Oxide, MgO has a similar cubic, NaCI-
o 
type structure of lattice parameter a = 4.22A. The whole particle 
is encased by a third precipitation again with similar crystallographic 
characteristics. 
A.3.3. Fine Scale Microanalysis - Conditions 
Due to selective etching of the adjacent matrix during thin foil 
production, the Carbonitride particles of interest were to be found 
only in sections of 0.4 micron and above. Beam spreading limits the 
resolution of analysis in such thicknesses so that beam definition 
is necessary for meaningful observations. Recently single scattering 
models, Goldstein, 1977, and a modification considering an exponential 
relationship between beam spreading and foil thickness, Doig and 
Flewitt, 1981, have been proposed. Monte Carlo data based on 
Rutherford scattering is, however, known to give reliable predictions 
to within 2-300R over foil thicknesses 1000 to 5000 X in Nickel, 
o 
Faulkner and Norrgard, 1978. The X-Ray source will therefore be 
defined by the extended cone described by the 9~~ beam trajectory 
spread from this latter work. 
Accurate foil thickness determination is essential to all predictions 
of X-ray spatial resolution. The established 'burn mark' technique 
has been shown to be a consistent overestimate-(Rae, Scott and Love, 
1981) especially in thinner sections. The thicker sections in this 
case-were measured by the displacement of contamination spots and 
compared to the movement of local strain bands during tilt manoeuvres. 
It was found that the 'burn mark' adjustment was of the order of a 
o 
few hundred Angstrom and was not"worth implementing. 
The relatively large distances involved permitted the use of a 
large spot size with a small condenser aperture at 100KV. The high 
count rate obtained ensured an accurate element proportional count 
using standard correction procedures i.e. background stripping and 
'hole' count deduction. When scanned over the foil edge, the spot 
o 
size as ,the beam entered the foil was determined to be 250 - 300 A 
in diameter, graph A.3.G.1. This has little effect on the final 
resolution. 
Concentration profiles were plotted across two typical carbonitride 
particles so as to include the core part~cle whilst avoiding its 
accompanying spokes. The planar interfaces of the outer phase were 
set as far as possible parallel to the beam direction and a line 
connecting the detector to the specimen. This minimised non-
symmetrical beam spreading across the interface. SHi and STEM views 
from above the particle and TEM views of the underside after 
subsequent turning enabled the specimen geometry to be plotted. 
Predicted volumes of X-ray production were then superimposed. 
A.3.4. Results 
Particle 1. Views used for the scaled section determinations, Fig. 
A.3.3, are shown in Figs. A.3.4.a to c. The section includes an 
example on the far left of additional beam spreading due to a finite 
incident beam size and also the direction of detector. Reduced 
spreading in the phases of lighter element composition is taken into 
account by 'refraction' of the outer 9~fo trajectory. 
Example count rates from the various beam exitation positions are 
given in table A.3.T.1.a. The complete proportional count profile 
of the five major metals involved is reproduced in graph A.3.G.2 
above a post-analysis micrograph for positional comparison. The 
matrix proportions of Titanium, Chromium, Nickel and Iron are, as 
would be expected for elements from similar positions in the periodic 
table, close to actual matrix weight concentrations (determined 
elsewhere). The proportions within the Ti(C,N) phas~ can therefore 
be assumed weight proportions of the Titanium site. 
Particle 2. A similar procedure was followed for a second particle. 
The corresponding results are shown in table A.3.T.1.b and figs. 
A.3.5.a to c. The profile direction perpendicular to the outer 
particle interface this time produced a 450 traverse to the tilt 
axis, figure A.3.6. Consequently the beam did not enter the foil 
parallel to the planar interface. The resulting profile graph A.3.G.3 
is therefore not as sharp as for particle 1. Similar deductions 
can nevertheless be drawn:-
1) The observed 5~~ titanium enrichment in the matrix surrounding 
the particle apparently originates from the matrix itself. This is 
based on predictions of X-ray sources solely within the matrix. 
2) The Titanium may be assumed stoich iometric within the 
carbonitride. Only a few percent Nickel and Chromium contribute to 
the Titanium site in the crystal lattice. 
3) There is an Iron enrichment at the core/carbonitride interface 
region. 
4) Magnesium defines the core particle. 
A.3.5. Discussion 
The 0.5 to 1.0 micron wide 'plateau' of 50% higher matrix titanium 
content around the carbonitride suggests significant fluorescence 
of titanium by X-rays originating from the matrix Chromium. X-rays 
are emitted with equal probability in all directions from excited 
atoms and wide lateral penetration into an adjacent titanium 
containing particle to induce fluorescence is probable. The alternative 
dissolution mechanism is unlikely in such a sample and also the shape 
of the concentration increase towards the particle is not consistent 
with that expected of dissolution e.g. fig. 26, i.e. an increasingly 
steep rise in concentration. This shape would also be obtained by 
approaching the interface with an abnormally wide spread beam. 
The titanium content within the particle, away from the interfaces 
with adjacent phases, consistently shows higher than 95% of the 
metal component. Nickel and chromium constitute only a few percent 
each and magnesium and iron are virtually excluded. The drop in 
titanium across the carbonitride/matrix edge is of interest in both 
particles. - The first particle profile is close to the ideal traverse 
condition and even though a high 400 take off angle was used, good 
analytical resolution was achieved. 9Y~ of the drop occurred over a 
o 
1000 A step across a micron deep planar interface. This is an 
indication of how the bulk of the X-ray production still occurs near 
to the centre of the beam passage even over relatively large 
distances. In comparison the second particle has less well defined 
elemental edges. The centre of the beam passage cut through the 
particle/matrix interface on a number of the cases making up the 
profile. A low 250 take off angle was used to reduce this effect 
but the importance of precise geometric alignment in fine scale 
microanalysis is still reflected in the results. 
The concentration profiles clearly identify the magnesium association 
with the core particle. The dissimilarity of the titanium and 
magnesium atoms, however, means the count to count quantitative 
relationship displayed in the given profiles hold no bearing. It is 
therefore necessary to account for ionisation efficiencies and 
absorption before the central phase can be uniquely defined as 
magnesia. 
The number of photons generated per incident electron in thin foil 
thickness ~Z is given by:-
I = w. Q. 6.~Z 
Where w is the fluorescence yield, 0.028 (Mg); 0~202 (Ti) 
Q is the ionisation cross section 
5 is the number of atoms per unit volume. 
The atom density 6 is the same for titanium and magnesium in 
titanium carbonitride and magnesia respectively because of their 
similar structures. 
Hence = 
assuming similar thicknesses. 
Q can be calculated from the Bethe law: 
2 Q.Ec = a.ln (b.U)/ U 
Where a is a constant and 
b = (0.41 + 0.59.exp (1 - U) )-1 
U is the overvoltage, E/Ec i.e. the ratio of the working accelerating 
voltage to that of the critical excitation potential for the X-ray 
energy concerned. 
EC(Hg) = 1.25 KeV; EC(Ti) = 4.5 eV 
Giving = 
This shows that X-ray generation of a magnesium atom is 7~fo the 
efficiency of a titanium atom. Approximate ratios of X-ray signals 
from similar thicknesses of carbonitride and core phase may be 
obtained from tables A.3.T.1.a and b. by subtracting the Ti counts 
from the Ti(C,N) below the core centre from those received from the 
adjacent Ti(C,N) phase i.e. 
1st particle: 
2nd particle: 
IT' J.Detector 
IHgDetector 
= 
3900 - 359 
490 
= 
through a thickness of 0.88 Il m at 400 tilt. 
I . 
TiDetector = 
~gDetector 
5880 - 4193 _ 
820 
2.06 
through a thickness of 0.44 Ilm at 250 tilt. 
Further corrections require knowledge of depth-distribution of X-ray 
production as indicated by the practical estimations above. This 
is not available and so only a qualitative assessment can be made. 
The major amendment will be for absorption as displayed by the 
respective mass attenuation coefficients X • 
X Mg in 2 MgO = 1149 cm /g 
X Ti in MgO = 110 " 
XHg in TiN = 3009 " 
XTi in TiN = 583 " 
The high absorption of magnesium compared to titanium in both 
phases coupled with the difference in X-ray generation should account 
for the low magnesium signals experienced. The core can therefore 
be magnesia, MgO. Previous reports of magnesia in this alloy have 
not been found for which three reasons can be given: 
1) An estimated combined titanium carbonitride particle diameter 
of 3 to 4 times that of the core suggests a volume ratio of 50 to 1. 
TiC C ,N) density 
HgO density 
= 
= 
4500 kgm-3 
3600 kgm-3 
hence weight ratio = 63:1 
Overall N-rich Ti(C,N) + MgO in alloy has been determined as 0.08 w~~. 
MgO content = 0.08 x 1/64 = 0.00125 w~~. 
MgO con tains 6C1}~ wt. Mg. 
so Mg content = 0.75 x 10-3 w~~ (or 7.5 ppm). 
Such a small amount if detected would be considered insignificant. 
2) The structural similarities of magnesia and titanium 
carbonitride would cause superimposed diffraction in both X-ray 
diffractometry and transmission electron microscopy. Also any 
magnesia not encased by a second phase would usually be dissolved by 
the acid electrolyte used in preparation for these methods thus 
reducing the quantity of MgO still further. 
3) Lower resolution bulk sample microanalytical instruments are 
likely to miss the magnesium contribution to carbonitride particles 
due to the relatively large volume ionised below the surface particle. 
Nickel, chromium and titanium signals would therefore swamp magnesium 
signal especially when its high absorption characteristic is 
considered. 
A.3.6. Proposed History of the large Ti(C,N) Particles 
Two sources of MgO were traced to the refractory lining of the 
melting crucible and to the reaction of the Magnesium deoxidant prior 
to casting. Stoke's equation balances buoyancy against viscosity of 
a round particle in a liquid when a constant velocity of movement is 
reached:-
F = 6. IT • Tl • r • v = 4/3 • IT. ~. ( 6 - P ). g 
Consider MgO particle in the molten alloy. 
g 
T] 
v 
acceleration due to gravity 
-2 ( viscosi ty = 2 Ns m cf. 
-1 
velocity of particle ms 
= 9.75 m/s 
1.55 for Hg) 
r radius of particle m 
ti densi ty of liquid alloy == 8000 kg m - 3 
P densi ty of MgO particle = 3600 kg m - 3 
Radius particle - 0.5 llm- 5 llm- 50 llm 
9 1 9 1 -6 -1 Upward velocity - 1.2 x 10- ms- ~120 x 10- ms- ----12 x 10 ms 
These example velocities of rising MgO particles in the alloy show 
how diameters of a micron and below will be almost motionless and 
subject to the movement imposed by convection currents until casting. 
Larger particles are under a greater influence to join the surface 
dross. 
Further radial precipitation occurs on the MgO whilst in the melt as 
highlighted by figure A.3.4.c. Nitrogen-rich titanium carbonitride 
(almost pure nitride) is able to nucleate and grow on the identical 
magnesia crystal structure, Nitrogen being dissolved from the abundant 
air-atmosphere. Magnesium and oxygen have not yet been exhausted 
from the melt and so continue to precipitate as magnesia spokes 
growing alongside the carbonitride. Casting arrests the process 
and further precipitation occurs from the solid state in the form 
of a Carbon-rich titanium carbonitride casing. 
A.6.7. Titanium Carbonitrides following ageing Treatment 
Titanium carbonitrides were observed to have growths of chromium 
carbide M23C6 from the matrix interface. Figures A.3.7 show a 
montage of X-ray maps of a particle following an age for 24 hours 
at 850oC. The situation is similar to the earlier cases except for 
the protrusion to the left of the particle where a high chromium 
count was recorded. Diffraction patterns show this phase to be 
M23C6. More significant, however, is the shape of a similar particle 
with a heavier M23C6 precipitation, figure A.3.8. The Ti(C,N)/matrix 
interfaces were previously seen to be planar whereas after ageing 
they have become concave as though errosion has occurred between the 
surface growths. It is also interesting that the nearby boundary 
does not exhibit the expected M23C6 precipitation. The plausible 
explanation for this is that the coherent matri~Ti(C,N) interface 
sho\in by the dislocation network of figure A.3.9 has provided an 
easy nucleation site for M23C6 carbide (also evident). Note that 
the matrix, Ti(C,N) and M23C6 have similar F.C.C. structures. This 
together with the carbide on the opposite side of the boundary have 
prevented carbon diffusing to the boundary from the outer matrix. 
Over the long period of ageing, the matrix was purged of carbon and 
the large amount of visible .' precipitation has denuded the matrix 
also of titanium. Consequently the stability of titanium carbonitride 
was decreased to the extent that it was able to dissociate to 
produce further M23C6 and .' growth. 
A.6.8. Conclusions . 
Titanium Carbonitrides have unequivocally been shown to precipitate 
on magnesia particles. The titanium may be considered of 
stoichiometric composition and the carbonitride/magnesia interface 
has an iron association. A higher than expected titanium content 
recorded in the matrix up to a micron from the particle/matrix interface 
I 
• I 
is thought to be induced by fluorescence. 
Observations of titanium carbonitride particles in aged specimens 
give strong evidence for Ti(C,N) dissociation into M23C6 carbide 
and .' (Ni3Ti). 
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TABLE A3. 1 a. 
Particle 1 
Hole Count 
Element 
Mg 
Ti 
Cr 
Fe 
Ni 
400 Tilt 
Window centre 
1260 
4520 
t;400 
6400 
7480 
a) Matrix (far left) 
Mg 1260 
Ti 4t;20 
-" 
Cr t;400 
-" 
Fe 6400 
Ni 7480 
Gain 20 eV per chan. 
Live Time 60 secs. 
Net integral 
o 
o 
62 
o 
302 
0 
67 
81t; 
-" 
57 
2613 
Gross integral 
t;0 
47 
116 
49 
348 
93 
251 
950 
1t;6 
-" 
2737 
b) Ti(C,N) between MgO and Matrix 
Mg 
Ti 
Cr 
Fe 
Ni 
c) MgO centre 
Mg 
Ti 
Cr 
Fe 
Ni 
1260 
4t;20 
t;400 
6400 
7480 
1260 
4·t;20 
t;4.00 
6400 
7480 
o 
3903 
129 
o 
4·53 
492 
359 
78 
29 
279 
107 
4127 
277 
102 
t;46 
-" 
577 
462 
14t; 62 
356 
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TABLE A3.1b 
Particle 2 
Hole Count 
Element 
Mg 
Ti 
Cr 
Fe 
Ni 
Matrix (far 
Mg 
Ti 
er 
Fe 
Ni 
Ti(C,N) 
Mg 
Ti 
er 
Fe 
Ni 
MgO centre 
Mg 
Ti 
Cr 
Fe 
Ni 
25° Tilt Gain 20 eV per chan. 
live time 60 secs. 
Window centre Net integral Gross integral 
1260 0 50 
4520 0 47 
5400 62 116 
6400 0 49 
7480 302 348 
left) 
1260 0 132 
4520 180 398 
5400 1808 1956 
6400 86 284 
7480 5557 5851 
1260 0 156 
4520 5880 6110 
1;400 141 303 
..; 
6400 34 133 
7480 4-78 602 
1260 820 964 
4·520 4193 4423 
1;400 160 308 
..; 
6400 23 122 
7480 408 578 
Appendix 3. Fig. 1. Transmission Electron Micrographs and diffraction 
pattern of a typical primary Ti(C,N) garticle (1). 
Specimen annealed for 2 hours at 1160 C to dissolve 
Ni3(A1,Ti) and nearly all chromium carbides. 
a) The Ti(C,N) particle has a MgO core with radial arms. 
Also visible is a rim of uniform thickness around its 
planar sides. 
Zero tilts Scale 1--1 11 m.---I 
b) View of Ti(C,N) part i cle (1) after being reversed in 
the specimen holder. The complete part i cle is in a 
highly di f fracting position and is not aligned with 
the surrounding matrix. Scale 
c) Diffraction pattern of the complete particle with a [110) 
beam direction. Both phases have s i mi6ar crystal 
structure (FCC), lat t ice spacing (4.2 A) and orientation. 
Camera length 72.5cms x 1.5. 
Appendix 3. Fig . 2. Montage of Ti(C,N) particle (1) showing the 
distribution of elements by X-ray energy dispersive 
mapping . Note the strain bands nearby which were use d 
to check foil thickness . 
400 tilt, Scale 1-2 Ilm . -----i 
a) STEM b) SEM 
c) Ni c kel d) Chromium 
e) Magnesium f) Titanium -
Bg.A3-3 SECTIONS THROUGH A Tj(C,N) PARTICLE SHOWING 95 % BEAM TRAJECTORIES. 
A 
Matrix 
I 
. Ti {(,N)" 
o 
Specimen Tilt 40 
o 
Traverse 90 to beam direc tion. 
Section A contains line of 
traverse and beam direction. 
/ 
MgO 
Appendix 3. Fig. 4. Series of Transmission Electron Micrographs which 
were used to produce scaled sections of the Ti(C,N) 
particle (1) analysis. 
a) Foil reversed and at zero tilt so that the analysis 
positions and thicknesses could be determined. 
Scale 1--1 ~m.~ 
b) Foil reversed and at 350 tilt to show the core particle 
prot ruding from the lower analysed surface. 
Scale 1-1 ~m.----i 
c) Detailed view of the core particle and arms at tilts of 
400 cw and 26°ccw. The dark part of the core is 
protruding out of the foil. 
Scale 1-0.5Ilm.--l 
d) Different view of the particle core at 29°cw and 7°cw 
tilts. 
Scale 
Appendix 3. Fig. 5. Series of Micrographs depicting the morphology 
of the second analysed Ti(C,N) particle (2). 
. 6 0 Speclmen annealed f or 2 hours at 11 0 C. 
a) Transmission Electron image exhibiting the characteristic 
MgO core and spokes and the even-thickness rim. 
Tilt of 220 (close to analysis tilt of 25°). 
Scale 1---1 Ilm.~ 
b) Particle at zero tilt. 
Scale 1--1 Ilm.~ 
c) Scanning Electron image which shows the Ti(C,N) particle 
to be thicker than the surrounding foil matrix . The MgO 
core and a single arm are protruding from the upper 
analysed surface. 
Scale f---- 2 ~m . -----I 
Fig. A3-~, SECTIONS THROUGH A Ti ((,N) PARTICLE SHOWING 95 % BEAM TRAJECTORIES 
® 0·5 jJm. I I 
Matrix 
o 
Specimen Tilt = 25 CD 
o 
Traverse 45 to Tilt Axis. 
Sections A & C contain line of 
traverse and beam direction. 
Section B is through Mg 0 
@ MgO 
~/ 
Ti (C/N) 
particle projected from A. Matrix 
Appendix 3. Fig . 7. Montage of Ti(C,N) particle (3) showing a chromium 
containing phase growing from its surface into the 
matrix . This was identified by electron diffraction 
as M23C6- Specimen aged for 24 hours at 850°C . 
Tilt 300 for analysis . 
Scale 1--1 ~m.---; 
a) STEM b) SEM 
c) Nickel elemental map d) Chromium 
e) Titanium f) Magnesium 
Appendix 3. Fig. 8. Montage of Scanning and Scanning Transmission 
Electron Micrographs showing the effect of M23C6 
carbide precipitation at a Ti(C , N) particle 
a) STili 
on the precipitation on a nearby erain boundary. 
Specimen aged for 24 hours at 850 C. 
Tilt 300 for analysis. 
Scale f--- 2 f.1 ID .----l 
b) STili (150 tilt) 
c) S El1 
d) Titanium elemental map e) Magnesium 
Appendix 3. Fig. 9. Transmission Electron Micrograph of the early stages 
of growth of M23C6 carbide on a Ti(C,N) particle. 
Note the dislocations within the Ti(C,N)/matrix 
i nterface which prove it to be partially coherent 
(both phases FCC). 
Specimen aged f or 24 hours at 850°C. 
Scale 1--0.5 Ilm.--I 
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APPENDIX (4). 
LISTmG OF PROORAM TO DETERMINE TRUE PARTICLE DISTRIBUTIONS FRGr<i PARTICLES 
lYIEASURED IN ETCHED SECTIONS. 
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RECUIRED RESPECTIVELY 

EXAMPLE OOTPUT FOR ~3C6 and M.rCJ PARTICLES m AS RECEIVED STOCK :-
RANO~ OF EACH AAR = - O:17~OO ~ BA~S IN HISTOGR~M 
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EXAMPLE 00TPt.1'P FOR M.rC3 PARTICLES m A SPECIMEN ANNEALEE: 8 hrs @ 1080°0 :-
_ R ANI] E~ 0 i:':EAC H ~ BA~_,~: ~-_:._~O;;:3_':5 o(L:~;'i~~~6_=_B"i\R s~~t ~~j 1 sT-(jG RAM;·~:,~=;~-_c~_-~- -
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A4. FigG) 
FLOW DIAGRAM FOR COMPUTING TRUE PARTICLE 
SIZE DISTRIBUTIONS FROM ETCHED-SECTION 
MEASUREMENTS. 
READ lETAILS OF HISTOORAl-i 
DESCRIBnm HEASURED SIZE 
OF PARTICLE DISTRIBUTImr. 
CALCIJLATE I.s:.;n &; ST~mARD 
D3VIATImr OF DISTRIIDTIOlf 
OUTYLlT I·;-;;;ASUR3D I·GAl'r (}; 
. STJ).illV. OF ilISTRIBUTIOU 
READ REQUIRED ACCURACY OF 
MZAlI & STD.DEV.OF TRUE 
DISTRIBUTIOn AT SURFACE 
n_~" mORE ORIGIOiJAL AD -.. ffii;STORE ORIGIOHAL ~.,. !------i-.{ D REQUIRE]) ACCURACY TO t----1 S'D).DZV. 
~S=Tj)=.rD=E.-=-V=-. ___ --' THE 'AnJUS'ED I HEA.1-J L.::.===;.-=--__ ----' 
SUBTRACT REQUIRED ACCURACY 
r-----~ FROr-1 I A:DJUSlliD' STJ). D3V • 
DE'illRroillJE PARTICLE SIZE 
HISTOGRAI.'[ OF I ADJUSTl!:D' 
DISTRIIDTIOH 
FOR EACH SIZE RAnGE nr 
HISTOGRAU REi.1QVE HALF TH3 
FREQUENCY OF PARTICLES 
ASSUIolE 'REI.1QVED' PARTICLES 
TO BE PARTIALLY OPSCURED 
n~ SUR.t!:ACE OF SPECII-Ii!.N. 
REDISTRIBUTE lIT HISTOGRAM 
AFTER CORRECTnm P.illTICLE 
SIZES TO THOSE VISIBLE IF 
TIEIR CErTTRZS HERE EVEiJLY 
DISTRIIDTED IDLm1 SURFACE 
'IDTAL ABSOLUTE DIFFEREr!CES 
n~ "EA.CH SIZE RAlfGE OF lJE'.f 
HISTOGRA1·1 TO I.m.ASURED 
PARTICLE SIZE HISTOGRAl,l NO 
OUTPUT THE r.IEA:~ & 
STD.DEV' .OF DISTRIIDTIOU 
STOP FRO!:I ~'1HICH THE HISTOGRAl. I 
NEAREST TO HE.ASURED SIZE 
lITSTOGRAlI ~'lAS FOUlTD 
C 
C 
--',' C 
,-" C 
C 
"':.':' - C 
.- . 
" , 
, i 
; 
, 
." .. - ~ 
, 
. , 
.1 
, 
, I 
·1 
" ! 
~; i 
, 'i 
1 
i 
i 
• ,I 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
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C 
C 
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APmlDIX 5. COMPUTER PROGRAl·l SnruLA.TING DISSOlUTION' OF SP HERICAL PARTICLE. 
Il1PLICIT DOUBLE PRECISION (C~ P~ A) 
INTEGER PD 
D1I'IENSION CI1(S) .• AI-I(S») VOL <" 4(00») SUR(4088) J PN( 480t"1> .. T~T( 4 eee,\ 
OR +oQ -DIFFU5IONCONSTANTS(CI'1:+::f:2 ..-' SEC) OF N 
SH +SC -SOLUBILIT'r' CONSTANTS CONTROLLING AT. FRACT. EOUILf'1. 
RI B~ RJ.lN~ ANC -RTOI'1S IN CARBIOE AND RT. J-ITS. OF 1-1 AND C RESP. 
ROI-tAT +ROCARB -DENSITIES OF I1ATRIX + CARBIOEfGH5. /CC. ) 
CONCN +CONCC -CONCENTRATIONS(,AT. FRACTION) OF 11 ~C IN l'1FJTRIg 
IN -NUI'1BER OF OTHER SUBSTITUTIONAL ELEI-1ENTS IN l'1HTRIX 
C/'I( I) tAI.J( [,'1 -CONCNS. AND AT. NT. OF EACH ELENENT IN NATRIX 
PO +IPD -CARBIDE PARTICLE OIA. + !NTERPARTICLE PISTANCE 
~T I 1'1 - THICKNESS OF SHELL I NCRE/'1ENTS. <"! N UN IT AUGS . . ) 
/'lENT -NAX. ALLONEO NO. OF OISSOLUTION SECTIONS PER LPf;-'ER 
IT -TENPERATURE IN OEG. C 
READ INPUT OATA 
READ(51 *,'IDA .. DO 
READ('S/*.>SHI5C 
REAO(SI *.>A .. ANI1 .. 8~ ANC 
READ(5 .• *.>RONAT.. ROCARB 
READ ('5, *,'1 CONCI'1.. CONCCI I N .• (' CI1 <' I .> I AN (' i ,'I .• I =11 I 1'1.) 
REAO(S/*)PDIIPO 
READ(SI *'>~TIN .. 11ENT 
H 1I'1=~T 11'1*0. 1 
READ(S/*)IT 
GANNA=300. 
VI10LE=iS. 
******* GAI-1I1A IN EF.:G. /CN:+:*2 ANO 1-1OLAR \.rOL. IN CI'1~:*ji"'f'10LE 
FIND NO. OF RTOI'1S PER UNIT \lOLUnE OF NATRIX 
TOT=0.8 
SUN=CONCN*AJ.lN 
DO 2 I=i~ 111 
5UN=5LII'1+CI1( I ,'I*AJ·!( I'> 
TO T= TO T+CI1<' I'> 
CONTINUE 
RPERV=RONAT*682. 2i?4/5U/'1 
SHORTEN FUTURE CRLCULATIONS 
IT=IT+2?3 
GCT=i. 9S?*IT 
BETA=GAI111A*W10LE/S. 3143]/1 T 
DIFN=DR*EXP(-OO?GCL'I*1f1. **(1.4," 
50L=<"-5H/GCT+5C,'I 
BA=8 
BR=BA/R 
~TR=PD/(2. *~TII1) 
IFDISN=JR 
~TS=~TR 
~Tf'1AX= I PD/ (2. *~T 11'1.) 
XRX=Jt1AX*H I 11 
AVAL=APERV*(1. +CONCC.>*CONCf1 
CA VAL =APERV* (:1... +CONCC>*CONCC 
DO :1 J=JRI .JP1AX 
,: ; . 
.. i 
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~: 
! 
: 
, 
'I 
i 
-j 
.' 
·1 
i 
1 
i 
., 
1 
C 
C 
C 
3 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
198 
193 
PI1 (J.i =AVAL 
CO/·ITINUE 
ASSIGN \"OLUI'1E AND SURFACE AREA OF PAf.:TICLE PER DISSOLUTION LA'r'ER 
DO 3 J=1 .. JNAX 
Z=J*HH1 
T\.T( LT)=Z-HIN*O. 5 
VOL (\.T)=(Z*:Z*Z-(Z-HH1,'**3)*4. :1.8879 
SUR(\.T)=:1.2. 56637:/:Z*2 
CONTINUE 
TVOL=4. :1.8879*Z*Z*Z 
UI1E\I=4. :1.8879*(\.TR*HIfV**3 
FIND NO. OF ATDI-1S PER UNIT VOLUNE OF CARBI£)E 
CRPER\"=ROCRRP*602. 2174/ <" AI'II-1'~':A/ (" A+8) +!iUC~B/ (A+B) " 
CAPC=CAPERV*B/(A+8) 
CRPN=CAPERV*A/(A+8) 
XCRPI'1=CAPI'1 
NUI-1BER OF ATOl1S PER NI'1**3 OF CARBIPE - CAPER~-' 
NO. OF C ATONS PER NN**3 OF NATRIX INITIALL';' CA~"AL 
CI-1AT=CA\"AL/(CA\"AL +APERV) 
CPOS=EXP(SOL.>.· ... ( (CAPI'1.·· .. (APERt'+CA\ .. AL.) )*·'!-:(A .. · .. B.)) 
IF(CNAT. GT. CPOS.iGO TO 11 
NO. OF N ATOI1S PER NI'1**3 OF NATRIX INITIALL'r' - A\lAL 
ASSUNE THE CARBIDE SURFACE LA'r'ER RELEASES ITS BOUN£) NAND C. 
THE N-ATON DENSIT'r' AT INTERFACE THUS CREATEO IS CAPN 
BECAUSE OF NO GRRDUAL HEATING TO TENPERATUf.:E CONSIOERATION.-
THE FIRST LR'r'ER(S) HILL BE RENOVEO OF CAf.:80N BEFORE N OIFFUSION 
CAN TAKE PLACE. TINE lULL THEREFORE BE NEEOED TO ALLOI·! FOR THE 
SURFACE N TO DIFFUSE OUT TO F.'EACH AN EOUILIBlUUN LE\lEL BEFORE 
NEXT CARBIDE LA'r'ER C'ISSOLUTION CAN PROtEP£. 
( FIRST INITIATE Gf.:APH PLOT ) 
NRITE(6 .. :1.98.> 
FORI'fATC'" o ISSOLUTIOW' /4X .. ,. RRD I US" .' 6X .. ,. TINE'" .. 6X.- .' f.:ATE'·, 
:1." EI..'JUILN. /'1" /7X .. ,. SEC" .. ex, ,. NIY .• 4X, '" /·H-1/SEC AT/eLl. NlY ."" =" ) 
CRLL C:1.eS:1.N 
CALL AXIPLO(ft, 21ft. ,130 . .• 1 .. 4 .. 8 .. 4 .. O. 0, XAX .. is. 0., XCRPI'1.. 
i"DISTANCE FRON PRRTICLE CENTRE" .. 29 .• 
2'" f1-RTON DENS I TY NO. PER. ,.11'1 3/ .. 26.) 
FIG=XAX/3. 0 
FAG=iBt1. 0 
IST=IT-273 . 
CRLL GRAI'10\"(FIG .. FAG.! 
CALL CHAINT(PO .. 5) 
FIG=FI6*2. tl 
CRLL GRAI10V(FIG .. FAG) 
CALL CHAINT( 1ST.. 5.i 
GIN=O.8 
ENG=-7.50 
DO 1..93 1=:1. .. 4 
SCRL=20. 0*1 
CRLL GRANO\"fENG, SCAL) 
CRLL GRALIN(GIN .. SCRL) 
CONTINUE 
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:l 
., 
i 
i 
! 
" 
! j 
i 
i 
I 
I 
" .1 
1 
, : 
" 
. 
,,' 
, 
• ) 
I' J 
, 
" 'i 
.' . 
-~'- ! 
~, ;.'" 
?~':~ 
CALL GRAI'10V({3. 0 .. XCAPIV 
T JR=",TR*H I 1'1 
CRLL GRRLIN(,T",TR .. XCAPIV 
CRLL CHRFIXfXCAPI1 .. 6 .. 2) 
CALL GRAI'10V(T",TR .• XCAPIV 
XR\!RL=AVRL 
CRLL GRRLIN(T",TR .. XR~!RL) 
CRLL GRALIN(XRX .• XAVAL~~ 
CRLL CHAFIXfXRVAL 6 .• 2.> 
:1.1.:1. CONTINUE 
IFfCPOS. GE. CNRT)GO TO :1.:1.2 
CNRIN=( (' EXPfSOL ~~/CNAT )*:+BR) *EXP(BETR/( JR-1..'>/HI IV 
CNR I N=CNR I 1'1*: (' APERV+CI'lAT) 
",TOL=",TS-JR 
Dt1 :1.1.3 ",T=1 .. ",TOL 
NUN'r'=1 
",TT=JS-",T+1 
",T",T .. T= .. TT 
PUNP=O. tl 
PNfJT)=CRPI1 
Dt1 180 f'1E==1 .. NENT 
T II'1=VOL (,,,,TJ,,,T)/(DIFI'1:+·'5UR( ",T".Tt.T) /HI 1'1.>*£1. :; 
REN=DIFN*5UR(",TT)*(PNf JT)-PNf.JT +1,> )/HIN*TIN .. ,·'VOL (LTT.> 
IFfREN. LT. (PNf ",TT)-CI1AII'1.> )GO TO 182 
REN=(PNfJT)-CNRIN) 
T I N=REN*VOL (' ",TT) / <' 0 I FN* SUR (' ",TT ~., * (' PN (' .. TT,> -PH ( .. TT + i.> .> /H I 1'1) 
NUI1'r'=-1 
1.82 CONTINUE 
:1.1.6 
:1.1.4 
:l.8t:t 
:1.13 
:1.:1.2 
21.:1. 
.,. 
TII'1E=T INE+ TIN 
",T.J.J==JT 
IFDISN=IFDI5N+i. 
IFf IFDISN. LE. ",TI1AX.>GO TO 116 
IFDI5N= .. Tl1RX 
.. TD= .. TT +:1. 
PI T5=Pf'1 (JT) 
DO·114 I=JO .• IFOI5N 
PRRN==DIFN*5U1U I-1)*(PIT5-Pf1(, I'> )/1. /H!f1:+:TIN 
PN(I-1)=PN(I-:l.)-PARI't. .... VOLfI-:l.) 
PIT5=PN(I) 
PNfI)=Pf1(I)+PRRN/VOL(I) 
IF«PfHI-1)-PNfI». LE. PUI'1P)GO TO :1.1...1 
PUNP=PN(,I-1'>-Pl1fI) 
JJJ=I-l 
CONTINUE 
IFOIUWr'.>113 .. 180 .. 180 
Ct1NTINUE 
CONTINUE 
GO TO 2:1.1 
Z=..TR*HIf1 
CRT==(CAPC*VOL (.JRJ )/(TVOL -Z·'I:Z*Z*4. 18819.) 
CIP=RPERV/(1. /Cf1AT-:l.. ) 
CNRT=(CIP+CRT)/(CIP+CRT+APER\,1) 
.. TO=..TR 
JR=JR-:I. 
IF(JR. LE. O. O)Gt1 TO 1.1.? 
GO TO 111. 
IJRITEf1. .. 1.20)JOL 
..TINWr':::Jf.·/2. fJ 
J I HN'r'=J I 111'1'1*2. 
J..T .. T= .. TR+1. 
PUl1A=O.O 
IDID=IFDISN 
1..2t1 FORI1AT( 14 .. " LA'r'ERS STRIPPED OF C BEFORE N DIFF. PF..·OCEEOS"''> 
1..:1. CONTINUE 
T I /1NEJ.J=0. 0 
L=L+:1. 
XK8=2. 
URITE(1. .. :1.21.)L 
1.21. FORI1AT e PASS ,. .. 14 .. '· STARTED'" .) 
IF(L. GT. :1.0tUGO TO 1.1:.1 
C BOTH N & C HAVE HIGH CONCENTF..·ATION5 IN INTERFACE AND SJNUL TANEOUS 
. C TR~' TO, REDUCE IR LEVELS B'r' F..·ADIAL DIFFUSION IN ORftER TO FULFIL T 
C THE SOLUBILIT~' EOUATION LN("CI'l~:·~:(A/B). CC.)=E.'<P(-SH/F..·.··'T+SC) . 
C THE C HOJ.JEVER IS NUCH FASTER C'IFFUSJNG ANft/JILL BE REDUCED 
C PRACTICALL~' TO THE 11ATRI>: C CONTENT J.JHILE /'1 DIFFUSION TAKES PLAC 
C 
NB =1. 
,-TD=.JR+1. 
PI'1<" ,-TR) =CAPN 
20t1 FORNATf4E:1.6. 5) 
C 
C DETERNINE TU1E TAKEN FOR CONCENTRATIONS TO REACH Ec!UIL!BRIU/'1. 
C B~' GRADUALL~' INCREASING TI/'1E IN INTER\,'ALS CORRESPONOING TO 
C THAT NECESSAR~' TO REDUCE THE CONCENTRATION DIFFERENCE BETJiEEN T .. 
C AD,-TACENT LA~'ERS HITH THE LAF..·GEST DIFFERENCE B'r' A PRESET FRACTIO 
C (USUALL~' 0. 5) 
C 
Z= (. ,-TR-l.) *H Ul 
CAT=(CAPC*\lOL <",-TR) .>/( -4. 18819·'1:2·'1:Z*Z+ H'OL.> 
CIP=APERV/(l.. /C/'lAT -1. ) 
c 
. '_ C FIND NEl.J SURFACE 1'1 EQUILIBRJUI'l LE\,IEL HITH THE INCREASEO /'1ATRIX C 
CONCENTRATION FRON THE SOLUBILIT~' EaUATJONS AND G!BBS-THOI'lP50N 
PARTICLE CURVATURE EFFECT. 
! 
. I 
.-: 
. ,I 
.1 
I 
:.J 
I 
'~·:::1· . 
.. 
c-
C 
C 
C 
C 
C 
C 
C 
C 
CNAT= (CIP+CA T)/(CIP+CAT+APER\l,' 
CNAIN=(EXP(SOL) .. · .. C/'lAT.>**BA 
CNA I I'1=CNA 1/'1* (APER\"+C/1AT.> 
CUT=AVAL +CAPf'1.'I:(UNEV-4. :1.8819*Z*2*2.) .. · .. (:\·'OL -4. :1.88?9>f·Z'I·Z·'1·Z'> 
IF(CI1AIN. LE. CUT)GO TO 1.06 
IF(CNAIN. LE. PI1(,-Tl1AX) '>GO TO 1.06 
IF( (PI1(,-TR)-P/'U,-TR+l)'>. GT. PU/'1A,>,-r~T,-r=~TR 
ASK IF DISSOLUTION IS 5LON ENOUGH TO BE ASSUNED CO/'1PLETE. 
IF(PN(,-TD). LT. (PN(,-TI'lA.-X:'> *1. 05). OF..·. TINE. GT. :1.581:.11:.1.>GO TO :1.8£ 
C~'CLE TO REDUCE SURFACE N TO Eau I L I BR I UI'1 IN GRADUAL T I /'1E STAGES 
LENT=NENT 
91 DO 813 NE=l. .. LENT 
81 T1I1=VDL (,-T,-T,-T)/(DIFN*SUFU ,-T,-TJ )/HlIV.-"Xr·B 
IF(TIN. GT. 501:.1)GO TO 11. 
c 
c 
C 
DIFFUSE 11 OUT OF SURFACE LA~'ER. 
REN=DI FfrN:SUR ( ,-TR.>*(Pf1( ,-TR)-PI1(JD.> )/(HII1*:NB.>*T I N/\lOL <" .JF..') 
IF <"REf1. LT. (PIU JR)-CNA1I1) ,'1 GO .TO 82 
REN= <" PN <" ,-TR'> :'-CNA lIV 
TIf1=REN,I:\o'OL (,-TR)/(DIFf1*5UR( .JR)*(P/'1(,-TP,'I-P/1< ,-TC') )/(H!/'1#-IB)'> 
82 
;.\' 
'.: : 
-' ..... .: 
C 
C 
C 
C 
C 
C 
" C 
60 
C 
C 
C 
C 
C 
C 
6 
, 
244 
f 
. t 
1 
1 245 
1 5 
84 
'·i 243 
1 g 
1 
~ j 
". 'I 
.1 
I 
- .. "1 
. . ~ i 
: ':~l 
... : '; i 
t 
\ 
C 
C 
240 
80 
C 
·C 
c 
C 
C 
C 
NUI1BEf:=-i 
CONTINUE 
Pl'1( JR'>=Pf1("JR)-REf1 
PI TS=Pf'1 <' ,JP'> 
Pl'1 ( .. re.) =REN*VOL (" .. TR) /VOL <" .. re.) +Pf1 <' t.TO.> 
PUf1R=PfU .. TR) -PfH JD) 
JJt.T=JR 
NB. THIS TU1E IS FOR REDUCTION OF CONCENTRRTION IN LR'lER OF GREATE5 
CONCENTRRTION PIFFERENCE 8'/ PRRT OF THE DIFFERENCE. THIS ENSURES: 
THRT LA'r'ER CONCENTRATIONS RLHR':-'S DECRERSE N!TH RR!>!US FRON CENTRE 
J.JHICH. IS A PH'r'5ICRL REOUIREf'lENT. 
FIND DIFFUSION DISTRNCE(IFDIS'> OVER TOTRL DISSOLUTION TU1E(TU1E) 
T I NNEJ.J=T I NNEI-/+ TIN 
IFDISl'1=IFPISf'1+NB 
IF(IFDISf-l. LE ... Tf'1RX'>GO TO t": 
IFDISf'1=Jf-1RX 
DIFFUSE N RCROSS LR'r'EF.:S OF INCRERSING F:RDIUS 
(" PARN=DIFFUSIVIT'r'*RRER*TIME*GRRPIENT(RVERAGE.> 
I-JHERE A\l. GRRD. =("(PfUt.T-i)+Pf'1<" .. f»/2 - ("PI-Ut.T)+Pf-l(t.T+1»/2 )/SHELL 
,Jt.TD=(i. t.1+t.TD) 
DO 5 .. T=Jt.TD .. IFDISf1 
IF("PITS. LT. PI1fJ'>'>GO TO 244 
PRRN=DIFI-l*5UR( .. T-i.>*CP I TS-PN( .. T.> ,} .. · .. N8/HI f'1.'f:TIN 
Pf'1<"t.T-1)=PIU t.T-1.> -PARf1/VOL (" t.T -1) 
PI TS=PNCt.T) 
PN <" ,J) =PN (t.T.> +PRF..'f1/VOL (t.T) 
IF(PN( I.Tf1RX). GT. (PN( .. f)-8. tltlt1t11.). ANC'. NUI-1BER. GT. O'>GO TO 84 
IF«PIU .. T-1)-PN(\.T». LE. PUf1A)GO TO 5 
PUNR=PN ( .. T -1'> -PN ( .. T.> 
.. T\.T\.T=J-1 
GO TO 5 
PIG=Pf1(J)-PITS 
PN( .. T)=P ITS 
PXTRR=P IG/(c.f-.. TR+i.>*VOL (\.T) 
DO 245 I= .. TR, J 
PN( I )=PI1<" I )+PXTRR/\·'OL (I'> 
CONTINUE 
CONTINUE . 
PIU .JNRX + i.> =PIH .. TI-1AX'> 
GO TO 243 
IFDI511=J-i 
IFO(KB. Ell. 2. '>GO TO 240 
IF INTERFACE LAYER IS REPUCED TO EaUILIBRILII'l THEN DISSOLUTION OF 
LR'r'ER IS FINISHEr, RND THE NEXT LA':-'ER CAN PRO CEDE. 
IFOIUf18ER)83, 8t.1, 80 
CONTINUE 
IF EQUILIBRIUN IS NOT ESTFtBLISHED NITHIN Ft SPECIFIED NUI-1BER OF 
OPERRTIONS, CONTINUE DIFFUSION BETNEEN LFt'r'ERS NITH Ft LRRGER t1RSS 
TRRNSPORT. (PROCESS TOO· TU1E CONSUlHNG 50 THIS EFFECTItIEL~' aUICKEN5 
IT UP J.lITH A SLIGHT LOSS IN RCCURRC'r' OF CONCENTRATION GRAOIENL'r 
XK8=XKB/2 . 
,,' 
.~. ':.' 
" •. ! 
.-
" 
"" 
I 
-
, '1 
",,-1 
j 
1 
'0' 
~ 
". 
; 
: 
" 
.. 
: .~ 
c 
201 
c 
LENT=LENT +1'lENT 
IF(XKB. LT. 2. i. AND. XKB. GE. O. O(:-:25.'GO TO 91 
URI TE(1~ 2B1 )I1ENT 
FORNATf I3~'· NOT ENOUGH TINE STAGES ALLONEr> FOR EACH LA'r'ER'·.' 
GO TO 222 
NUNBER=1 
REPEAT FOR NEXT TINE-STAGE IN LA'r'ER DISSOLUTION 
TINE=TINE+TINf-lEN 
e NOVE INTERFACE IN 8'r' ONE LA'r'ER 
e 
e 
e 
e 
.JP= .. TR 
.. TR= .. TR-l. 
IF( .. TR. LE. O'>GO TO 10 
e OUTPUT DISSOLUTION STATE IN NUNERICAL AND GRRPHICAL FORI'1. 
e 
RATE=HI 1'1/( T INNEf.J,~ 
RAD= .. TR*H I N 
HRITE(6~ ::1.80)RAD .• TINE .. F.:ATE .. CNRIN 
100 FORNATfF18. 13 .. 3F10. 5.> 
228 
e 
e 
C 
7:1. 
108 
106 
1t17 
10 
192 
101 
C 
238 
238 
23:1 
232 
IF ( .. TR. GT . .. T INN'r')GO TO 11 
.. TINI1'r'= .. T I NWr'-2 
TPN= T .. T (" .. TP'> -0. 5*H IN 
CALL GRAI'1OV(TPN~ XCAPN.> 
DO 228 .. T= .. TP~ IFDISI1 
XPIN=PN(J) 
CALL GF.:ALIN(T .. T(".J)" .'x;PIN~~ 
CONTINUE 
GO TO 11 
REPEAT DISSOLUTION FOf.: NE.'!o:T PARTICLE LA'r'ER. 
URITE(6~ :H!8) 
FORI-fAT(" £''x;CESSIVE TINE FOR OISSOLUTION OF LAfr'EW·'> 
fJIA= .. TR*HIN*2. 0 
URITE(6 .. 107'>DIA 
FORNATf'" DISSOLUTION CEASES AT C'IANETER OF ".' FB. 8.-~· I·IIY.> 
JA=A 
JB=B 
NRITE(6~ 192'> 
FORI-fATf'· +, . .> 
HRITE(6~ 1t.11.i .. TA .. J8" PD" TINE 
FORNAT(" CARBIDE (1"" 13 .. '· C'·" 12 .. '· OF OIAI'1ETER '., IS .. '· AI·IG. OISSOLVE 
1~" IN", F7. 1~" SECS") 
URITE(6 .. 23B'> 
FORI-fAT(" +" ,F INPUT DATA" 
1/"'+"') 
I T=IT-273 
HRITE(6 .. 230) .. TIl1~ IT .. I1ENT 
FORNAT('·DISSOLUTION OF"~ 14 .. " AI·IG. LA'r'Ef.:S AT A TENPERATURE OF"' .. 15 .. 
1" VEG. C" /15X" 14,," NAX. NO. OF TU1E STAGES"'> 
I-IR I TE (" 6" 231) VA .. Da 
FORI-fAT(" +'" /" /'1-DIS50LUTION CONSTANTS DA='· .. F6. 2 .. " DO:=/.- F? 8) 
NRITE(6 .. 232,~SH .. se 
FORNAT("·' +/ /" /'1-e SOLU8ILIT'r' CONSTANTS.. PH::"" F7. 1:.1.0'· PC=" .. F6. 2) 
... 
.. ' 
.-. ; 
.. 
, 
239 
N~'ITE(6 .. 239)GAf'1t1A .. W10LE 
FORNATe' +" /,. INTERFACI AL ENERG~':='· .. F6. 0 .. " ERGS ... '·Cf'l'f·~:2.. ,. J 
i"AND t10LAR VOLUNE(CBDE.)=:··· .. Ff:7. :L" Ct1>!-:,,~,:s ... ··f'10I.E'·"".) 
NRI TE(6 .. 233)ROf'lAT .. F.'OCARS 
FORf'TAT("+,·.FDEN5IT~' OF t1ATRIX=='· .• F5. 2 .. " AIm OF CARF.:IDE~" .. 
iFS. 2 .. " GNS. ,...oCC. ,.) 
NRITE(6 .. 234.)CONCN .. CONCC 
234 FORNAT('·AT. FRACTION OF r'lATRI.\:-f'1:-:'· .. F8. 7:.," AUr. f'1ATR!X-C~", PlO. S,} 
NRI TE(6 .. 235) 
235 FORf'TATe' OTHER NATRIX ELENENTS.. AT. HT. AT. CONe. ".) 
NRI TE(6 .. 236) (BlU I.> .. Cf't( I) .. 1==1.. IN,' 
236 FORNAT(25X .. F6. 2 .. 3X .. Fl0. 8) 
237 FORf'lAT(" +,. ..... 
i" INTERPARTICLE DISTANCE (CENTF:ES) = ..... 16 .. " AUGS. ,. ........ +") 
NRITE(6 .. 237.HPD 
c 
NRITE(6 .. 191) 
i91 FORNATeFINAL f'1-CONCENTF.'ATION PF.·OFILE IN RADIAL LAr'ERS··· .. 
:1." IN A TOf·lS/Nt1'in l:3'·.·"" (ZEF.'O INDICATES LI/·JClISSOLVEO CARBIOE)" 
:"' .ll~· _/ ~ 
.... - .0 
I~RITE(6 .• 103) (PN( .. T) .... T==:1. .... TNAX) 
103 FORNAT(8F10. 5) 
222 .~P II'1=PI'1(~TP':> 
T .. TN==T .. Tf.JP)-O. 5*HIf1 
CALL GRANm,l(T .. T( .. TP ,'I., XP ItV 
DO 22:1. .. T== .. TP .. IFDISN 
XPIN=PN(J) 
CALL GRALINfT .. T( .. T) .• XP IN) 
221 CONTINUE 
GO TO 118 
NRITE(:1. .. 119.) t:1.7 
1:1.9 
:1.:1.S 
FORf'1ATeCARBON RENO\,lEO UITHOUT f1 OIFFU5IOl-r.! 
CONTINUE 
NRITE(1 .. 107:) (PN(It1P) .. U1P= .. rp .. IFOISf'1.) 
CALL DEVEND 
CALL EXIT 
END 
BOTTON 
EXAI1PLE INPUT (FILE) 
EXRf1PLE INPUT . 
1.6 66360. 
58800. 8. 4 
23 52. e 6 12. 01 
S.5 7.0 
a223082 0.00008013:1. 
6880 34781;1 
150 5880 
1080 
OK .. 
4 O. 74315 58. 71 0 023~ 47 9 /:.1:' l::1·1 4 :?7 l:::'1 l::~ ':4L1?L- ,.,l 
. - • _ • ... .... °1. Ow-"O .:.C 
.~; .' '. 
, ~'. 
, " .:. -. 
, 
EXRt1PLE OUTPUT 
DISSOLUTION 
RADIUS 
SEC 
= 
TINE 
Nt1 
RATE 
1-1I'1/SEC 
EL1UILN. /'1 
AT/CU. N/'1 
9~ Z 49340 1. 05777 21. 72529 
DISSOLUTION CEASES RT DIRNET£R OF 1.90. NI'1 
+ 
CARBIDE N 23 C 6 OF DIRI1ETER 2000 RN6. PISSOL \,IES IN 
+ 
INPUT DATA 
+ 
.-. r=" cc,. ... c 
..:. .....' _-a- _-_, 
DISSOLUTION OF 25 RNG. LA'r'ERS AT R TE/'1PERATURE OF 1.820 PEG. C 
5000 NAX. NO. OF TINE,STRGES 
+ 
/'1-DISSOLUTION CONSTANTS DA= 1..60 DC!= t":6360. 
+ 
/'1-C SOLUBILIT'r' CONS TAN TSJ DH= 58iWO. PC= 8. 40 
+ 
INTERFACIAL ENERGP= 3 Oil. ERGS. /C/'1**2.. RI-I[) l'lOLAR \,IOLUI'1E(CBDE)= 15. e 
+ 
DENSIfCr' OF NATRIX= 8.50 ANP OF CARBIDE= 7. 00 61'15. /CC. 
AT. FRACTION OF I'1ATRIX-N= 0.223 AND NATRIX-C=O. 0000001.3 
OTHER NATRIX ELENENTSJ AT. NT. AT. CONC. 
+ 
58. 71. 
47.90 
27. 00 
28. 00 
O. 7431501;10 
O. 02Z30000 
B. l:11.40000t1 
B. 0036001;10 
INTERPARTICLE DISTANCE (CENTRES) = 11.600 RN6S. 
+ 
FIIIRL /'1-CONCENTRATION PROFILE IN f.:RPIAL LRYERS IN RT0I'1S/NlN:~:3 
(ZERO INDICATES UNDISSOLVEP CRRBIDE) 
::: 
O. 00000 O. OBOOO Ll 00000 B. OOf1lJO t1. 00001;7 0. 0t18tJO 
0. 00000 B. 00008 0. 0l:H:101:.1 O. OBOt10 B. l:.1l:1t108 O. 1;10 tJ 0 1.:.1 
O. 00000 O. 08080 l:~. OOl:.1fJB 8. OBOOO O. 00800 1:.1. 00000 
O. 00000 I:.l 00800 B. 000t.10 I;l Ot1LJOO 0. 08000 O. 08 t1 1:.10 
O. 00000 O. OtWOt.1 O. 00000 I:.l 00000 tl. 08888 76. 46888 
2:1.. 7:1.394 21. 70301 2:1.. 68884 21. 67164 "'·1 .:... ......... 65168 21. t-:289J: 
2:1.. 54718 21. 51.586 21. 48297 21. ~1-186i :')·1 4.1 ':>Qr=" :')·1 37£:19 
-- .... 
"&''- .. _ ",-I _ .... 
2:1.. 26094 21. 221.41 21. 1.8159 ?·1 1.41.61. :.,·1 1.81..68 '''·1 86171. _ .... -.... i- ..... 
2l:1. 94386 20. 90553 20. 86784 28. 83086 28. 19·1t-:? 20. 75934 
20. 65898 28. 62756 20. 59721 20. 56794 28. 53918 20. 51:3:?3 
20. 43831 20. 41573 20. 39423 2tl . ?-7?-0·1 ..:-' _.\.. ..... 20. 35-1·15 2(1. 33611 
20. 28783 2l:l 27254 20. 25894 21;t. 24t":18 20. :')7.{ ?If. ,--" ,-.. , 20. 22389 
20. 19395 213. 18551 28.17780 21:1. 1.71360 20. 1.6394 21:1. J.5779 
20. 142113 20. 13778 28. 1.3366 21:.l 12996 21;1. 12658 21;1. J.2350 
20. 11.5813 2tl. 11368 2t.1. 11117 21:t. 1108Z 2ft. 1fJ846 21;1. 18785 
20. 1.13359 213. 10266 20. 10182 20. 101.1:18 2t1. 1.8041 20. 09981. 
20. 89839 20. 89801 20. 89768 2t1. 09738 20. 09712 28. 09689 
20. 09635 2t.1. 09621 20. 09689 28. 09598 28. 89589 20. 09580 
28. 09561. 213. 139557 20. 09552 20. 139549 28. 89546 20. 89543 
20. 89537 2t.1. 09535 20. 09534 2t1. 139533 20. 1:19532 20. 0953J. 
20. 09529 20. 09529 20. 09529 2tl. 139528 21;1. 09528 20. 09528 
2B. 09527 213. 09527 20. 89527 20. 139527 20. 09527 20. 09527 
20. 09527 213. 89527 20. 09527 20. tl9527 21:t. 89527 20. 89527 
.. ,', 
_~J<.~. 
-".,..;._"T..:::.. :~'., •• !-1 . , . 
O. 01.:.100 
0. 0000 
O. 1:.18B8 
tl 08Be 
:"·1 7252 
-- ..... 
21. ££G8 
21.. J:38'1 
2:1... l:.1228 
2t1. 7249 
21;t. 4868 
21:.1. 3187 
28. 21:'!:6 
28. :15:21.. 
28. 1286 
21;t. 1.851 
28. 0992 
28. 8966 
28. 0957 
20. B954 
21;1. 0953 
28. 09524 
28. t1952 , 
20. 0952, 
A5.FIG.G) 
FLOW DIAGRAM FOR COMPUTER SIMULATION OF THE 
DISSOLUTION OF A SPHERICAL PARTICLE 
COlrGkrTRA.TIOITS TO TEE 
PARTICLE + r·lATRIX SIELLS 
DIWLJSE C Ai-ID TIE:.J' 1·1 
MIAT FRor.! SURFAC2 LA.'YZP..S 
mr.nL EQUIUI. r·I lli:IUCED 
TO roLO:l PARTICLE caw. 
D3TERio'InIE TIME FOR lli::OOCTIon 
.....--_______ -t 0F LAYER WITH GREATEST 
ernc. DIFFERENCE BY IL.\LF 
THE DIFFERENCE. 
YES 
PUT TIME STAGE 
EQUAL TO THAT 
REIXJCING TO 
EQUILIBRIUM 
NO 
YES 
DIFruSE 1·1 ACROSS LAYERS 0 
nrCREASIlrG RADTIJS FROJ.I 
PARTICLE SURFACE TO 
DIFFUSImr DISTAlfCE 
APPENDIX 6. CO!<lPUTER PROGRAIJI FOR CALCULATING KTIfETICS OF THEORETICAL DIsconTINUOUS 
I " 
. NULL. 
PRECIPITATIOU • 
: I.,.; 
c 
c 
c 
~' .. " C 
":. -" -~~': 
.:,. 99 
..... ". 2 
0_ .100 
. t 
, 
, 
. i 
. . ;'~ 
, I 
" .. ~' i 
.i 
.! 
., 
.... 1 
101 
1 
C 
C 
C 
c 
102 
103 
104 
105 
106 
THIS Pf..-OGf.:AN CFfLCULATE5 THE Gf..-OUTH f~'INETICS OF 
DISCONTINUOUS PRECIPITATION ASSUNING A GRONTH CONTROL 
VARYING BETHEEN N-50LUTE At·m CARBON DIFFUSION L!!'1ITS. 
DINENSION AJ.J(8)~ CONC(8""~ \-'(101,".- TINE(1!:.11...!.- ,q~,t£(1t1:U., R(1B1) .. SC1.EU," 
lICRP(8)~Re(101) 
HRITE(1~99) 
FORNRT("GRONTH OF DIsCOnTINUOUS PRECIPITATES"," 
HRITE(l~ lee) 
FORNATC/-"J'IHRT INPUT IS f..-EDUIRED( 1 FOR LIN£., 5 FOR FILE ,..,") 
READ(l~*)IN 
J-JRITE(l~ 101.) 
FOR!1AT(," RND OUTPUT"'"" 
READ(ll*)IOUT 
IF(IN. NE. 5. RND. IN. NE. 1)GO TO 2 
IF(IOUT. NE. 1. RND. lOUT. NE. 5)GO TO 2 
IF(IN. Ea. 5. AND. IOLlT. Ea. HJ:lIOLlT:::IOUT+1 
READ DATA 
RON=8.5 
ROP:::7. 0 
RHN=52. 0 
RHN=58.71 
AHC=12. 01 
IF( lOUT. NE. 1)J'JRITE( lOUT., 99.) 
IF(IN. Ea. :1..H-JRITE(1, 102) 
FORNAT("DIFFUSION DATA FOR SOLUTE Pt IN NATF:IX(CN2. 5-1.)'"/ 
1"FREaUENC~' FRCTOR, DO ~;, Fill ~n 
RERDeINI *)DO!-1/'1 
IF(IOLlT. NE. l)NRITEfIOLlT., 102)POI'7l'1 
IF(IN. Ea. 1.)J1RITE(1~ 1&3) 
FORNAT(" RCT I\lRT ION ENERG'I(f~"L-:AL. !'toL -1..).1 a :::;., F1B. 1 
1/; + .,.) 
READ(IN,*)ONI1 
IF(IOLlT. NE. l)J'JRITEfIOLlL 1£1Z.Hl/,1I'1 
IF(IN. Ea. 1.)J.JRITE(l~ 1&4) 
FORNAT(;DIFFLlSION OF 11 ALONG GF:AIN BOUNPAf..'':'(C/'13. 5-1""'113·":*7.>'"/ 
1" FREQUENC'r' FAC TO,c?1 PO :::; I F:1.0. 4) 
RERD(I1J~ *)D0/'78 
IF(IOUT. NE. 1.>J.JRITEfIOLlT.,104)D0I'1B 
IF( IN. El:~. 1.)NR I TE(1, 1&3) 
READfIN, *,'IONB 
IF( lOUT. NE. i)NRITE(IOUT., :1.03,"91'18 
IF(IN. Ea. 1.HJRITE(1, 1(5) 
FORNRT(;DIFFU5ION OF CARBON IN !'1ATRIX(Cf12. S-1-"'''/ 
1" FREaUENC'r' FACTOR~ DO =;, F:1.0. 4) 
READe IN~ ·+:)DOCI'1 
IF(IDLlT. NE. l)NRITE(IDUT, 105,"DOCN 
IF(IN. EO. 1)URITE(1IiB3) 
RERD( 1N, *,'1QCN 
IFe lOUT. NE. l)J'JRITE( lOUT, 103.)£::'CI'1 
IF( IN. Ei~. 1,"URITE(1, 1(6) 
FORI'tRT(" BOLlNDAR'r' THICKNESS (ANGS.) ="., F£. 1) 
RERDe IN~ *)OEL TA 
IF( lOUT. NE .. 1)J.JRITE(IOUL 1. Et 6 ,'" VEL TA 
DEL TA=DEL TA/DJ. 
IF(IN. EQ. 1.,'Il1RITEf11 :J..1~) 
1:13 
207 
:1.40 
:1.07 
:1.68 
~"".' ....... ..,--."".-> 
1B9 
REAO(IN .. *)DNAT 
FORNAT(,"f1ATRIX INT£,f;:PLANAR SPACING fANGS .)~,. ~ F£. 1. 
1/" + ,.) 
IF( lOUT. NE. J...)J·JRITE(IOUT .. :1.1],'ONAT 
Df1AT=DNAT.,,':1.t1. 
IF( IN. Et!. :1.)J·JRITE(:1. .. 207.) 
FORNATf" GRAIN 80UNOAR~' AF.:EA PEF.: WI! T ~"OLLmE /'1F!TRIX (NN2/N!fJ)=/; 
:1.F:1.0.6) 
RERDfIN .. *.>HEEL 
IF( lOUT. NE. :1..)J.JRI TEe" lOUT .. 2B7,'rHEEL 
HEL=O. 5/HEEL 
IF( IN. Ea. :1..)j·JRITE(:1. .. :1.40) 
FORNAT(,· DISTANCE 8ETNEEN PF.:ECIPI TATES ALONG GRAIN BOUNDA,C(';'··· 
:1. .. ,. (ANGS) =,. .. 16/" +,. ," 
READ ( IN.· *)NUCLEI 
IF(IOUT. NE. :1..)J.JRITEc"IOUT .. :1.4tUNUCLEI 
UCLE=t1. 05*NUCLE I 
IF( IN. Ea. :1.)J.JR I TEc":1. .. :1.07) 
FORNAT(,· SOLU8ILIT'r' CONSTANT5 FOR 1'12]C6 .. ,. .... 
1"HERT OF SOLUTION .. DELTA H :::: " .. F:1.0. 1) 
RERD( IN .. *)VH 
IF(IOLlT. NE. 1.HJRITE(IOLlT .. :1.B?,'DH 
IFc" IN. E(~. :1..HJRI TEeL :1.08.) 
FORNATe· ENTROP~'.. VEL TA S ::::' ... F? 2) 
RERV(IN .. *)VS 
IFfIOLlT. NE.1)NRITEc"IOLlT .• 1.t:.18.)DS 
IFf IN. ER 1.HJRITE(:1. .. :1.09,' 
FORNAT('·TENPERATURE OF PRECIPITATION ("VEG. C.) =, ... F9. :1. 
1 .. "'- + ... ) 
REAV( IN .• *) TP 
IF(IOUT. NE. :1.,'j·JRITE(lOUL :1.t19,'TP 
TP=TP+2?3. 
IF(IN. Ea. :1.,'NRITE(:1. .. 11.[1) 
:1.:1.0 FORI'tATe· INITIAL CONCENTRATlONS(AT. P. C. ,'OF SOLUTE 1'1==".' FiB. 5) 
REAVc" IN .. *.>CI1 
IF( lOUT. NE. :I.)NRITE( lOUT .. :1.:1. 0," CI'1 
IF( IN. EQ. :1. )J.JRI TE(:1. .. :1.1.:1.) 
:1.:1.1 FORNATe·ATONIC PERCENT CARBON ::::,. .. F1..tl 5) 
REAV(IN/*)CC 
IF( lOUT. NE. l)NRITE( fOUT .. 11L"CC 
IF( IN. EQ. 1.HJRITE(:1. .. :1.:1.4'> 
114 FORNAT<·'·HON NAN~' OTHER ELEf'1ENTS IN /'1ATRIX BESIOES CR .. NI AN[) C·', 
SUf1=CI1:t:AJ.JI'1*:O. 01 +CC*ANC*O. 01. 
CTOT=(CN+CC)*u. 0:1. 
REAV(IN .. *)IN 
IF( IN. Ea. 8)GO TO 7-
DO 4 .J=1. .. 111 
IF( IN. ELl .1)J·JRI TE(l .. :1.:1.5)(.T 
115 FORNATe·ATON1C J.JT. OF NATRIX EXTRA EL Ef'1ENT NO. ·' .. 13 .. " = ".' F? 2) 
REAV( I N .. *)RJ.J( J) 
IF( lOUT. NE. .1)HRI TE( lOUT .• :1.:1.5)(.T .. AI-/( (.f) 
IF( IN. E(~. 1)J.JRITE(:1. .. :1.:1.6.) 
116 FORNAT(,· CONC. (AT) OF ELEI'1ENT ::::".' FiB. 5;' 
RERD(IN .. *)CONC«(.O 
IF( lOUT. NE. i)NRITE( IOUL 1:1.6)CONC( ,-T," 
5Uf1=5UN+CONC( (.T) *AlU(.T) 'l'0. 01 
CTOT=CTOT +CONC( J)/:1.BB. 
4 CONTINUE. 
3 5Uf1=5UfH(1. -CTOT)*ANN 
APERV=ROI'1'f:602. 2:1. 74/SUI'1 
" \ 
. ~ 
• , ,
. ' 
" , 
'j 
", I 
,'J ~ T 
-, i 
, : 1 
·."1 
, I 
. . ~ , 
-.~",. ~~. 
, 
....• 
, ' 
I 
j 
I 
, i 
. ' 
1 
I 
: - i 
j 
': ! 
, , 
5 
C 
C 
C 
'c 
6 
1.1.2 
c 
IF( IN. Ea. O.>GO TO 6 
DO 5 J=1..IIN 
CAP (".J) =APERV'f:CONC ( J) .. /1.t.1O. 
CONTINUE 
FIND INITIAL ATONIC 11 AND C CONCENTRATIONS HI NATRIX AND 
AT PRECIPITATE SURFACE. 
CAPI1=APERV*CN/1. 00. 
CAPC=APER\l*CC*O. f:.l1. 
TCCEO=EXP(-DH/1.. 98?,-··'TP+D5~'/(CI'l~:t1. O:L~,""·*(23. /6. ,'\ 
TCNEO= <" EXP <" -DH/i. 98 ?/TP+f,'5.> /CC*::!.Ot.1. ) *~. a-:. /23 .. ) 
TCCEt~= TCCEt~*APER \l 
TCNEt~= TCNEO*RPERV 
CCEO=TCCEO 
CNEQ=CRPN 
IF(IN. Ea. 1.>J.lRITEO .. J 11.2> 
FORNAT <"" F I NRLL '1" HON 1'7AN~' OUTPUT I NCRENENT5 f.'EaU I RE!Y' .> 
RERPfINJ*.>INCRE 
C CALCULATE ATONIC VOLUNE CONCENTf.'ATION5 IN Pf.'ECIPITATE 
C 
CTHEN=ROP*6fJ2. 21. ?4/ (AI·lI'r~2?. /29. +RHC~:6. /29 . .> ~:!3. /2.9. 
CTHEC=CTHEf1*6. /23. 
C 
C FIND f,'IFFUSION VALUES. 
c 
c 
"'-C 
C 
DIFI'1I·I=DON/'l*EXP(-OI·1/'1/1.. 98?/TP.H:1.0. **1.4 
DIFNB=DONB/PELTA*EXP(-QNB.·· .. 1.. 98?/TP> *1.0. ~:*:1A 
DIFCN=DOCI'I*EXP(-QCI'l/1.. 98?/TP)·'f:1.0. **:1,4 , 
FIIID VELOCIT'r' AT J.JHICH DISCONTINUOUS PRECIPITATION CEASES 
(lE. NUl VEL) AND flAX. VELOCIT'r' FRON INITIAL CONf..ITIONS 
IH=O 
VNIN=DIFNN/(DI1RT) 
VHAX= (" f" I FI1B*DEL TR~' /UCLE~:*2 
TI NNUC = (UCLE**2)/DIFNB 
IF(VNAX. GT. W11N>GO TO 141. 
NR I TE(1. .• 1.42) 
IF(IOUT. liE. 1.)I·JRITE(1.J 1.42) 
1.42 FORNAT("CONTINUOUS PRECIPITATION OCCURS") 
GO TO 1.33 
1.4:1. VEL=Vl11N 
C 
L=INCRE+:1. 
KHIN=L 
N=L 
11UN=1. 
C FIIID EQUILIBRIUN 11 RNfr THEN C CONCENTRATIONS AT PRECIPITATE 
C SURFACE ACCORDING TO VELOCIT'r' OF BOUNf'AR'r'. (BEGINN!NG I.JITH 
C t1111II1Ul1 VELOCIT'r'., THEN conpUTING A PALUE BEHIEEN THE 
C t1RXINUI1 AIIP 11INII1UI'1 VELOCITIES TO BE HITHIN A TU1E 
C INCREHEIIT NOT PREVIOUSL'r' UTILISED., FOf.' SUBSEOllENT 
C RUNS THROUGH PROCEDURE) 
C PUT VELOCIT'r' OF BOUIIDAR'r' INTO ROOT OF f,'IFFERE/-ITIATED 
C CUBIC EQURTION TO GIFE NAXH1A AI-If.t NINU1A OF CUR~/E. NAXU1A 
C IS NEGATIVE AND HIl-lINA IS POSITI\lE f.'RfrIUS OF PRECIPITATE. 
C 
C 
.~ :---~:" '. 
".' 7:~' '- .. 
, ..... ; 
-' 
.'. - 1 
':'. 
~.:.-
'-
'. 
"'"-. 
-,;. 
.. :~:. 
'. 
-! 
, 
, - ... 
~ 
, 
- ,-
, :1..5 
30 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
7 
8 
Q 
--
:1..0 
:1..2 
C 
:1..3 
C 
C 
C 
C 
:1..:1.. 
. ~.. 51 
. - . 
HE=O. :1304347 
READ(:1.. .. *)HEAP 
IF (HEAP. or o. O)HE~HEAP 
CONTINUE 
0=:1. 0 
CI'1EO=CAPI1- <" CAPI1- TCHEf!) * ('v'EL/WIAX.) *If:HE 
CONN=CNEO/APERV 
CCEQ==EXP(-DH/:1. 98?/TP+DS,'I/CDNl'1lf::f:(23. /6. )*APER~I 
E= (\/EL/D I FNB/OEL TA,' **0. 5·'f:6. Et _ 
F=( (CTHEI1-CAPI'1.>/(CAPl'1-Cl'1EC!.H-:!... tl.),·· .. 2. t:.1 
6=0*0*0. 5*(DIFI1B*DELTA..-VEL.>lI-:·'f:/J. 5 
H=OH1*(3. -2. *i1)*OIFNB*DEL TA/\IEL/6. Et 
RI NNEG == (-2. 0*F-SORT(4. 0*F*F+:1..2. et*Elf:G) , ...... t7. eVE 
RINPOS==(-2. l:1*F+SORT(4. 0:f:F:f:F+12. EHE*G) .)/6. EVE 
PUT THE NINHtUI1 VALUE OF RAfrIU5 EfWAI.. TO THAT AT THE CURVE 
NAXINA AND A NAXH1U1'1 VALUE ARBITRARILL ';-' AN EXTRA NUL TIPLE 
OF THE DIFFERENCE BETHEEN THE NAXHIA Allf) NININA f..·!1ftI! 50 
THAT EtJUATION IS POSITIVE. 
REPEATEDL~' HAL \"E DIFFERENCE BETUEEN RAI)!U5 I'1AXIl'1UI'1 AND 
NINIf'1UN PUTTING THE CENTRE RADIUS EOUAL TO RAO!U5 NAXH1UN 
IF EQUATION POSITIVE AND I'1INIf'1Ltf'1 IF NEGATIVE UNTIL A 
RAOIUS GIVING ZERO TO EOUATION 15 DB TAI NEe,. 
CUBNIN=ElI-RINPOS**3+F*RINPLlS*:RINP05-G*RINP05-H 
NUN=8 
Rl'lID=RINPOS 
IFfCUf.'llIN. EO.O. 0.>6Ll TO :1..:1.. 
RI'1AX=RINPOS 
RNIN=RINPOS 
RNAX=Rf1AX+(RINPOS-RINNEG) 
CUBNAX==E*RI'1AX**3+F*RNAX*F-'f1AX-G:fRNAX-H 
IF(CUBI'IAX)? .. 8 .. 9 
RI'1ID=RI'1AX 
GO TO :1..:1 
NLIf'1=NUI'1+:1.. 
IFUIUI'1. GT. :1..0)GO TO :1..3 
RI'1ID=(Rf1AX+Rl'lIN)/2. 0 
CUBN I D=E*RI1 I D**3+F*RI1 I D*Rf1 I D-GlI-RI'1 J [t-H 
IFfCUBNID):1..8 .. :1:1.. .. :1..2 
CUBNIN=CUBI'1ID 
Rl'lIN=RI1ID 
GO TO 9 
CUBI'1AX=GUBI'1ID 
RNAX=RNID 
GO TO 9 
Rl'f ID=RN I N+(Rf1AX-RNI N) *( -CUBf1I N) .. "'(CUBI1A:<-CUBf'1 I IJ) 
OBTAIN TINE PERIOD OVER NHICH VELOCIT';-' IS PROftUCED Allf) 
ARER OF PRECIPITATE CONTF.'OL ON BOUNDAR~'. 
8=2. 0* (0 I Ffo18*DEL TA .. /VEL)*>f:I:.t. 5 
C=DIFfo1B*DELTR/VEL 
IF(I~ EQ.:1..)GO TO 5:1.. 
A=SQRT(:1... 8/DIFCf1.>*VEL*(CTHEC-GCEO,\/(CAPC-CCEQ) 
T=( (" (B*RNID+C)/RI1ID/Rf1ID+:1..)/A.>**2 
IF«"SQRT(OIFCI1*T). LE. HEL,'IGO TO 58 
IH=! 
A= (RN I D*RI1 I D+B*Rf1 I D+C) *D I FCI'1/ (~lEL*RI'1 I DlfRl'1 ID;' /( CTHEC-CCEo.,'I 
~ "'~ 
.' . 
I 
I 
t 
. , 
; I 
t 
·1 
'. 
; 
\ 
\ 
I 
····t·, 
., 
- -, . ~ 
" . -
-~ -, 
., 
50 
34 
C 
C 
C 
C 
C 
1.4 
1.6 
J..7 
1.9 
20 
38 
18 
C 
C 
C 
C 
32 
ADS=1.. /A+CCEO/HEL 
T=(CAPC/fADS*SORTfDIFCfV,~ )**2 
RIB=B/2. O*Q+RI'1ID 
AV=RIB**2*3.14159 
IF(NUN)32~33 .. 34 
IF at. LE. INCRE)60 TO 1.4 
V(KNIN) = VEL 
T If1E(J<.:NI N.) ==T 
AVE(KNIN)==AV 
RBc"KI'1IN.i=RIB 
R oalI N.) =RI'1 I D 
VEL=W1AX 
TI1AX=T 
N=N-1 
60 TO 1.5 
L06 VALUES AND LOCATE ANOTHER \"ELOCIT'r' FALLING I.J!THIN AN 
UNCALCULATED TINE I NCRENENT. IF ALL INCf.:Ef'1ENTS FILLED 
CALCULATIONS ARE COf1PLETE. 
IFfVEL. Ea. Vf1AX)TUlIN=T 
K=INCRE*<"T-TININ,'1/Tf'1AX+1. 
V(K)=VEL 
TINE(K)=T 
A\"EfK.)=RV 
RBfK)=RIB 
R(J()=RNID 
IF(K. LT. KNItOKf1IN=K 
L=L-1 
IFfTU1E(L). EO. 0. tUBO TO 1.7 
IF(L. Ei~. 1)60 TO :1.8 
60 TO 16 
I'1=L 
L=L +:1. 
ft=N-:1. 
IFOt. 6T. KNIN)60 TO 28 
IF at. Ea. KNIN. AND. Kt'tIN. Ea. :1.;'60 TO 28 
VEL=VO<."f1ItO*2. 0 
60 TO :1.5 
IF(TINE(I'1). Efl. O. tU60 TO :1.9 
VEL=(V(N)+V(L) )/2. 8 
60 TO :1.5 
.IFO'/ut1. NE. 0)60 TO 35 
I NCRE=KNAX-1 
IFaWf1. Ea. 1) TINE( INCRE+i)=iJ. 0 
IF aWN. EO. :1.)TIN=(TNm<-THlIIO/IUCRE 
VEL=(WlIN·f-\.'( INCRE+i) )/2. 
NUI'1=-:I. 
KNAX=INCRE 
60 TO 15 
SEPARATE SET OF CRLCULATIONS FOR RSSIGNING \"ELOCITIE5 TO TINE 
lNCRENENTS BETJ.JEEN THE I'1INH1Ul'1 RND NEXT-TO-f'1INII'1UI'1 ~lELOCITlES 
lE. 2*VNIN (IF NECE5SflR'r'). 
K=T/TIN+:I. 
VOO=VEL 
TUtE(K)=T 
A\lE(K)=flV 
RBOO=RIB 
RO()=RNID 
:: .-" 
,I 
I 
48 
C 
C 
C 
35 
IF(K. EQ. (INCRE+:1.,'I)60 TO 38 
NU11=0 
Kt1RX=K 
L=H/CF.:E 
L=L+1 
IF(TII'1E(L). EO. tl 8)60 TO 39 
IF(L. EQ. KNAX,"GO TO 38 
GO TO :?7 
/"1=L 
L=L-1 
/"1=/'1+1 
IF{TII'lE(f'1.). Ell. O. t1)60 TO 40 
VEL=(V(L) +\/(t'1.) )/2. 
GO TO 15 
K=T/TlN+1 
v 0':) = VEL 
TIf1E(K)=T 
AVE<"K)=AV 
RB(K)=RIB 
R(K)=Rl'1lD 
GO TO 37 
END OF DETERf1INATIONS. 
INT=INCRE+l 
· ':i~~::-::'"" 
TU1E( lNT.)=<"TINE( INCRE+1..)-TII'lE( I NCRE,' )*(\,'( !NCRE+1)-VI'1I/.,f) .... 
:1. H'( INCRE)-V( INCRE+l'»+ TII1E(" lNCRE+1) 
VfINT)=Vf'lIN 
• 
C 
': ( C GIVE ON-LINE .. FILE RND GRAPH OUTPUTS AS REaL/I RED. 
, , 
.' 
;> •• ," 
. .'. 
.. ~ _ .. 
. :::. i 
., I 
· .. ~ 
,.' j 
I 
-I 
,. I 
· ,i 
; , 
I 
. i 
C 
C 
C 
N=1 
HRITE(IOUT..1..3:1) 
IFfIOUT. NE. 1.HIRITE(1 .. 131) 
T I /"10FF= T I I'lE (":I.) 
5(1)=0. 0 
T I I1E <" 1.. .> = T I NNUC 
NRITE( IOUT..1..38)N .. TIf1EfN) .. 50-1,"1 .• f..·(f-D .• RBaD., VO-l) 
IFfIOUT. NE. 1)NRITE(1 .. 1..30'>N, TII'1E(fD .. SOD .• ROD.· RBOO., \I(N) 
DO 22 1I=2~IIIT 
T I NE (N) = TINE <" N.! - T I NOFF + T I f'1!.JUC 
SOI)=(TII1E<"NJ-TIf1E(N-1..) )*(\-'(N-1..) +\/00 ),/2. 0+501-1) 
NRITE(IOUT~ 13t1)N~ TINE(N,'~ $(11) .• Ran .. f..·BOO .. \/(/-1) 
IF(IOLlT. NE. :1.)NRITE(:1.~ :1.3tl)N~ TII'1E{N,'~ saD .. RaD.· RBOO; VOO 
22 CONTINUE 
1..38 FORt'lAT( 15 .. 4X .. 2F8. 2 .. 4X .. Fe. 2 .. 4X .• Fe. 2 .. 2X .. E16. 5.) 
:1.31 FORt1ATC" INCRENENT TINE DEPTH RRDIUS(PPT.) RRC)JUS(BASE) ,. 
1 .. ,. VELOCI T~'" /:1.:1 X .. ,. SECS Nn. ,·m. " .. 9X .. ,. NI'T. ".' lEt.'{ .. '·IIN. /S£C·' 
2,'1 
NRITE(:1. .. :1.32) 
:1.32 FORt'lAT(" IF GRAPH PLOTS REnUIRED~ INPUT 1"'> 
READ(1 .. *)NOD 
IF 010D. NE. 1..) GO TO :133 
1..34 FORt'1AT(" NITH ACCOl'1PAN'r'ING GRAPH PLOTS'·) 
CALL Cl051..N 
CALL RXIPLO(O .. 180. O~ 1..1..0. tl~ L 1.. .. 8~ 5} Et. B .. TIf1E( INT.) .. tl tl, ~/(1) .. 
1"6ROUTH TIHE(SECS) " .. 1..l .. 
2"6. B. VELOCIT'r'<"NI'l/SEC.V .. 21.) 
;", .. 
. : 
, . 
j 
I 
! 
. .'\~.: 
CALL GF.:ACLlR (T I NE. V. I NT.) 
CALL PICCLE 
CALL A.":IPLO(0~:1.80. OI:L:1.tl 0 .. :1...:1.18.510. tJJ TH1E(!Nr;' .. 0.1J .. S(INT), 
:1." GROJ.lTH T HIE (SECS)" , 1 1 .. 
2" DEPTH OF GF.:ONTHO-lN,"'·, :1.9) 
CRLL GRACUR(TH1E,S, INT) 
CRLL PICCLE 
CRLL AXIPLO(0~:1.80. 13 .. :1.113. tJ,:L:!.. .• 8 .. 5 .. tJ. e .. T!NE(!NT),tJ. t1..R8(INT), 
:1.'·GROJ.JTH TINE(SECS)", 11, 
2'·PPT. RND BASE RADIUS(NI'1Y .• 2~," 
CRLL GRACLlR(TII1E, RI INT.> 
CRLL GRRCLlR(TH1EI RB.. INn 
CALL PICCLE 
RON=-~'B( INT) 
IF«2. ft*RB(INT»). LT. (S(INLH:8. 65»130 TO :!..~? 
TOOL =130. 8 
BOOL=138. O*S( INT.)/(2. 1..":f*RB( INT.» 
GO TO :139 
131 BOOL=2ftO. 8 
TOOL=28f:.l 1..":f/(5( INT)/2. /F.:B( I NT») 
139 CRLL RXIPLO(1 .• BOOL TOOL:LJ 118,5, tl HI S( JUT) .. RaNI RB( HIT).-
1" ", 1 .. 
2" PPT. RRNGE(NN) UITH TINE(S£C)'" J 28) 
CALL GRRCUR (5 .. RI I HT) 
CALL GRACUR(51 RB.. 1NL) 
DO :1.35 I=:1.IINT 
R(I)=-R(I'> 
R8( I ;'=-~'B( I) 
135 CONTINUE 
CRLL GRACUR(5 .. R .. HIT) 
CRLL GRRCUR(S, RB, INT.> 
PEN=t1.0 
DO 136 1=:1. .. INT 
ENP=BOOL*S( 1 ,'/S( INT)-PEI1 
IF(:L:t.. O. GT. EI1P)GD TO 136 
EPN=ENP+PEN 
IF (EPI1. GT. (BOOL-:1.ft . .>. AND. EPN. LT. (BOOL-a. :1.)130 TO :1.3t7 
CALL GRANOV(S( I), RB( I)) , 
RB(I)=-RB(I) 
CALL GRALIU(S(I), ~'B(I» 
R(I)=RB(I)+R(I) 
CALL G~'At'10V(S( /)1 R( I» 
INCO=TH1E(I) 
CALL CHAINT( INCD .. -5'> 
PEN=EPI'l 
136 CONTINUE 
CALL DEVEND 
J.lRITE( lOUT, 134) 
IF(IOUT. NE. 1)NRITE(:1., 134) 
133 CONTINUE 
CALL EXIT 
END 
. BDTTON 
..... '. 
, " 
< ~ 
" 1 
E:c\RNPLE INPUT/OUTPUT : 
GROl-lTH OF DI5CONTINUOU5 PRECIPITATE5 
DIFFU5ION DATA FOR 50LUTE f'1 IN NA TR IX(CN2. 5-1,' 
FREOUENC'r' FACTOR.. DD = i. 6000 
ACTIVATIDN ENERG'r'(KCRL. MOL-1) .. l~ = 66100.0 
.,. 
DIFFU5ION OF f1 ALONG GRAIN BOUNDAR 'r' {CM3. 5-1.*18**7) 
FREl1UENC'r' FACTOR.. DO = O. 4200 
ACTI\"ATION ENERG'r'(KCAL. NOL-i) .. a = 42800. 0 
.,. 
DIFFU5ION OF CARBON IN MATRIX(CM2. 5-1) 
" FREl.1UENC'r' FACTOR.. DO = O. 4000 
ACTI\"ATION ENERG'r'(KCAL. NOL-1) .. a = 
.,. 
BOUNDAR'r' THICKNE5S (ANG5)::: 1. 5 
MRTRIX INTERPLANAR 5PACING (At·1G5 )::: 
.,. 
37508. 0 
3. 5 
GRAIN BOUNDAR'r' ARER PER UNIT VOLUNE f'1ATRIX (Nf'1:?/NI'13,'= tl £ten07! 
DI5TRNCE BETJ.JEEN PREeIP I TRTE5 ALONG BRA! N BOUN{)AR~'(RNGS)::: 209 
.,. 
50LUBILIP,' CON5TANTS FOR fo123C6 .. 
HEAT OF SOLUTION.· DEL TA H ::: 58080. 0 
EN TROP 'r'.. DEL TA 5::: 8. 40 
708. 8 -: :. TEP1PERATLIRE llF PRECIPITATIDI-I ([)EG. C,\ = 
i 
'J 
- . ~ 
.... ,.i. 
... ! 
,I 
. , 
. . ", 
.,. 
INITIAL CONCENTRATION5(AT. P. C . . )OF 50LUTE /'1:= 22. 6820tl 
ATONIC PERCENT CRRBON = O. 88000 
ATONIC UT. OF NRTRIX EXTRR ELE/'1ENT NO. 1.::: ·17. 98 
CONC. (AT) OF ELENENT::: 2. 33000 
ATONIC UT. OF NATRIX EXTRA ELEf'lENT NO. 2::: 27. 08 
CONC. (AT) OF ELEf'1ENT::: 1. 48000 
ATONIC UT. OF NATRIX EXTF.:R ELEf'lENT NO. 3::: 28. f18 
CONC. (AT) OF ELENENT::: 0. 36000 
INCRENENT TINE DEPTH RAOIUS(PPT.> RRDIU5("BA5E) \·'ELOCIT~' 
1 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
'14 
15 
16 
17 
18 
19 
20 
21 
SECS NN. ,·m. NN. ,·m. /5EC 
O. 00 O. 00 13. 47 6~ 17 0. 1.81.82E 01 
4~ 64 16~ 01. 1.~ 00 73. 08 & 30257E 01 
158. 22 453. 79 17. 26 84. 87 e. 221.32E tU 
27~ 75 69~ 04 la 89 9~ 44 0. 181.70E 01 
374. 28 864. 82 19. 92 98. 84 0. 16389E 01 
51~ 451082.19 21. 13 10~ 31 0. 14408E 81 
611.. 77 121.~20 21.84 109.87 & 11.417E 81 
733. 16 137~ 07 22. 63 l1.Z. 26 0. 12427E 81 
889. 01 i559. 82 23. 51 11.~ 99 8. 1143£E 81 
984. 84 1665. 34 23. 99 120. 58 0. 1£t941E 81. 
1093. 52 1782. 41 24. 51 12Z. 37 8. 1t14·-16E 01. 
1154. 62 184~ 47 24. 78 124. 8Z 8. 10198E 81 
1220. 53 191.1. 87 2~ 06 12~ ~5 O. 99584E 8e 
j368. 95 2e5~ 88 2~ 66 i2~ 56 
1452. 71 2134. 04 2~ 97 
1543. 83 221£. 81 
1643. :1.8 23~14. 60 
1751. 78 2397.8£ 
1870. 79 2497. 12 
2B01.. 57 2602. 96 
2145. 7t1 271£. 04 
26. ~a 
26.64 
27. 08 
:"7 77 
..... --, 
27.75 
28. 16 
·1?4 :.,7 
.... ..."...... .... I 
133. tH 
:13·1. 89 
1..3t-:. 81 
1Z8. 8]: 
118.93 
l1Z.1·1 
8. 9·1551E Be 
e. 92!:.174E Ot1 
t1. 8959SE 09 
e. 87122E 8tl 
O. 8·1645E et1 
t1. 82169E ee 
O. 79692E I~(.l ..... 1.0... 
O. 772:1.££ B9 
22 2223. 35 277~ 52 28_ 1:1 :1.4·1. 28 O. 7597SE t19 
23 230~ 07 283~ 10 
24 2481. 84 296~ B1. 
25 257~ 57 301.~ 61 
26 267a 65.310~ 78 
27 278~ 51 3188. 69 
28 2898. 58 325~ 50 
29 3818. 36 333~38 
38 3B80. 93 3378. 53 
31 3i4~ 38 3428. 51 
28. 58 
29. BZ 
"'Q . .,.-
-=-_- . .:..b 
29. 50 
29.74 
:")Q QQ "'_'. _._0 
30. 25 
30. 38 
30.51 
145. 015 
1.47. 88 
149. i5 
15e.44 
151.. 77 
153.1.'1 
154.54 
1.55.26 
155.99 
8. 7·1139£ ee 
8 . 72263E He 
£to 7:!.825E He 
eo t-:9?B?E 09 
tl 68548E HO 
8. 67318E 09 
0. 66072E 09 
0. 65453E OB 
8. 64834E 08 
PRN~'ING GRAPH PLOTS 
OK .. 
,. 
J ", ., 
-
, 
I 
, 
I 
'I 
. ; 
''; <,I 
t 
GROUTH OF DISCONTINUOUS PRECIPITATES 
DIFFUSION DATA FOR SOLUTE N IN I'1ATRI>:(CI·12. S-1) 
FREQUENC'r' FACTORJ DO == 1. 6000 
ACTIVATION ENERG'r'(KCAL. 1'10L-1,' .. a == 66100. El 
+ 
DIFFUSION OF N ALONG GRAIN BOUNDAF..·~'(CN3. S-1*:!'0'h~:7,' 
FREQUENCY FACTORJ DO = O. 4200 
ACTIVATION ENERG'r'(KCAL. 110L-1)J a == 42800. 0 
+ 
DIFFUSION OF CRRBON IN I'1ATRIX(CN2. S-1..) 
FREt1UENC'r' FRCTORJ DO = O. 04tlEt 
ACTIVATION EN£RG'r'(KCAL. NOL-1)J a = 37508. 0 
+ 
BOUNDAR'r' THICKNESS (ANGS,' = 1. 5 
I1RTRIX INTERPLANAR SPACING (ANGS ,'= 
+ 
GRAIN BOUNDAR'r' AREA PER UNIT VOLUNE NATRIX Ullt?· .. NN3.):: O. 890971 
DISTANCE BEHIEEN PRECIPITATES ALONG GRAIN BOUNDARf;-'(ANGS.) == 2e8 
+ 
SOLUBIL I T'r' CONSTANTS FOR l'127.C6 .. 
HEAT OF SOLUTION .. DELTA H = 58tl00. Et 
ENTROP'r'J DEL TA S = 8. 40 
TENPERATUR£ OF PRECIPITATION (D£G. C) = 700. tl 
+ 
INITIAL CONCENTRATIONS(AT. P. C. )OF SOLUTE 1'1= 22. 68200 
ATONIC PERCENT CARBON = O. 08000 
ATONIC UT. OF I'1ATRIX EXTRA ELENENT NO. 1 = 
CONC. (AT) OF ELENENT = 2.7.3t10B 
RTONIC J.JT. OF NATJ;:IX EXTRA ELENENT NO. 2 = 
CONC. (AT) OF ELENENT:: 1. 40000 
ATONIC UT. OF I'1ATJ;:IX EXTF.:A ELEI'1ENT NO. 3 = 
CONC. (AT) OF ELENENT = 0.36000 
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27.00 
28. 00 
INCRENENT TINE DEPTH RADIUS(PPT) RADIUSfBASE) 
SECS Nf'1. N1'1. NN. 
1 6. 60 a 8e 1~ 47 6~ 1.7 
4. 76 16. 38 15. 80 
:3 15. 84 45. 41 17. 26 
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214. 31 
222. 65 
248.92 
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25ft 93 
26.1. 61 
273.82 
22 223. 74 279. 82 
23 231. 99 28~ 24 
24 249. 85 298. 36 
25 259. 51 38~ 29 
2£ 269. 7~ 31L 48 
27 280. 52 3i9. 95 
28 291. 95 327. 71 
29 304.06 33~ 78 
38 310. 7.8 33~ 94 
31 31~98 7.44.19 
NITH RCCOl'1PRN'r'ING GRAPH PLOTS 
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A6.£ig. CD FLOW DIAGRAM FOR COMPUTING THE KINETICS 
OF THEORETICAL DISCONTINUOUS PRECIPITATION. 
DETERMINE DIFFUSIVITIES AND 
INITIAL l.tATRIX AND 
PRECIPITATE CONCENTRATIONS 
FllID EQUILIBRIUM CONCENTRATIONS 
..-------------i;IojOF C & lti AT PPT MATRIX INTERFACE 
CALCULATE VALUES OF E,F,G & H 
IN CUBIC E ATION 
FllID lw1AXll.tA AND MINIMA FROIri dY dRp 
of CUBIC EQUATION AND POT Rmin = 
Rp(minima.) & Rmax = Rp(minima) +-
(Rp(minima.) - Rp (maxima.) ) 
FIND MIDPOINT, Rmid BETWEEN Rmin 
r-------;;.jand Rmax then DETERHINE VALUE, r 
OF TEE CUBIC E AT ION 
Rmin :: Rmid IF y. IS 
NEGATIVE & Rmax = 
Rmid IF Y POSITIVE 
PROJECT A VELOCrr.r 
TO FALL INTO AIr 
FILLED TTItlE-
INCREMENT 
No 
Yes 
PUT CUBIC ROOT Rmid R¥) mTO 
QUADRATIC E ATION TO· GET Tn-rn; 
DETERMINE RADIUS OF WTE-!ti 
COLLECTICN ON BOUNDA.1W AND 
ASSIGN HITH VELOCITY', PRECIPITATE 
RADIUS AIm GROWTH TIMffi TO A.. 
TIME-mCREltiEN"T FROM INPUT 
ADD GR01mI WITHIN TIME-
INCREMENT TO TOTAL S 
OUTPUT TIME, GR01m DEPrH 
& RADTIJS OF PPT., COLLECTO'lV'--i;oo.! 
ASE RADTIJS AND VELOCITY. 

